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Os resultados apresentados aqui foram alcançados no âmbito do programa de 
doutoramento intitulado “Impurezas Magnéticas em Materiais Nano-
estruturados”. O objectivo do estudo foi a síntese e caracterização de óxido 
contendo impurezas magnéticas. Durante este trabalho, sínteses de sol-gel 
não-aquoso têm sido desenvolvidos para a síntese de óxidos dopados com 
metais de transição (ZnO e ZrO2). A dopagem uniforme é particularmente 
importante no estudo de semicondutores magnéticos diluídos (DMSs) e o 
ponto principal deste estudo foi verificar o estado de oxidação e a estrutura 
local do dopante e para excluir a existência de uma fase secundária como a 
origem do ferromagnetismo. Para alargar o âmbito da investigação e explorar 
plenamente o conceito de "impurezas magnéticas em materiais 
nanoestruturados" estudamos as propriedades de nanopartículas magnéticas 
dispersas em uma matriz de óxido. As nanopartículas (ferrita de cobalto) foram 
depositadas como um filme e cobertas com um óxido metálico semicondutor 
ou dielétrico (ZnO, TiO2). Estes hetero-sistemas podem ser considerados como 
a dispersão de impurezas magnéticas em um óxido. As caracterizações 
exigidas por estes nanomateriais têm sido conduzidas na Universidade de 
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The results presented here have been achieved under the PhD program 
entitled “Magnetic Impurities in Nanostructured Materials”. This study had as 
purpose the synthesis and characterization of oxidic semiconductor containing 
magnetic impurities. During this work we have developed non-aqueous sol-gel 
routes, leading to well controlled oxide nanomaterials, to the synthesis of 
transition-metal doped oxides (ZnO and ZrO2). Homogeneous doping is 
particularly important in the comprehensive study of diluted magnetic 
semiconductors (DMSs), and the main point of this study was to ascertain the 
oxidation state and local structure of the dopant, as well as to exclude the 
existence of secondary phase as the origin of ferromagnetism. To enlarge the 
field of research and fully explore the concept of “magnetic impurities in 
nanostructured materials” we have studied the magnetic properties of 
nanoparticles embedded in an oxide matrix. The nanoparticles (cobalt ferrite)
were deposited as a film and coated by a semiconducting or dielectric metal 
oxide (ZnO, TiO2). These hetero-systems can be regarded as dispersion of 
magnetic impurities in oxides. The characterizations needed by these 
nanomaterials were performed at the University of Aveiro and University of 
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Spin-transport electronics (spintronics) is an emerging field of electronics which aims to
exploit the electron spin in addition to its charge. Spintronics promises to offer several
advantages over traditional charge-based devices, for instance, improved information
processing power, faster response, lower power consumption and increased levels of
miniaturization.
The aim of the study presented in this thesis was the synthesis and characterization
of materials that can be relevant to spintronics application, i.e. materials combining
magnetic and semiconducting properties. We focused on oxides materials that were syn-
thesized by soft chemistry routes and especially by non-hydrolytic sol-gel processes. We
principally investigated diluted magnetic semiconductors (DMSs); a class of semicon-
ductors for which a small fraction of the cations has been replaced by magnetic ions in
order to make them magnetic. We made use of NHSG routes, leading to well controlled
oxide, to the synthesis of transition-metal-doped ZnO and ZrO2 which are both promis-
ing materials to obtain ferromagnetism at room temperature. Homogeneous doping is
particularly important in the comprehensive study of DMSs, and the main point of
theses works was to ascertain the local structure of the dopant to exclude the existence
of secondary phase as the origin of magnetism. Beside the work on DMSs, we have
studied the magnetic properties of hetero-structures materials composed of a film of
magnetic nanoparticles embedded in an oxide matrix. The elaboration of hetero-system
is another strategy for combining multiple properties and functionalities in a material.
Here, the resulting films can be regarded as magnetic impurities, the nanoparticles,
dispersed in an oxide.
2
Introduction
The manuscript is organized as the following:
The first chapter starts with an overview of the field of spintronics and some generalities
on diluted magnetic semiconductors. The chapter then concludes by an introduction
to non-hydrolytic sol-gel. The results obtained during the PhD will be presented and
discussed in four different chapters. Chapter II and III are allocated to the doping of
ZnO by manganese and cobalt. The first part is devoted to the synthesis, the mor-
phological and structural characterizations. The second part presents the assessments
of the dopant environment and the magnetic results with a discussion on the influ-
ence of the solvent used during synthesis on the magnetic properties. Chapter IV deals
with the doping of ZrO2, its synthesis, characterizations and magnetic properties. Fi-
nally, the experimental results obtained on hetero-structures are given and discussed
in chapter V. The materials studied are cobalt ferrite nanoparticles distributed into a
semiconducting or dielectric film, namely ZnO or TiO2. The synthesis of theses films
has needed three distinct steps: (i) the synthesis of uniform magnetic nanoparticles,
(ii) deposition of the particles as a film on substrate by Langmuir-blodgett technique
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I.1 Spintronics and DMS
Electronics demands constantly more efficient and smaller devices motivated by the
need to process and store information in greater quantities and at higher speed. How-
ever the constant miniaturization of conventional electronic devices begins to show the
limits of traditional materials used, their highest performances being almost reached.
This fact has stimulated intense researches in diverse fields in order to elaborate more
efficient systems. The prospect of a new generation of electronic devices passes by the
search for alternative materials that possess better performance or higher potential of
miniaturization, and by the development of multifunctional devices. Among the poten-
tial technologies to provide new devices, spintronics has many advantages.
I.1.1 Spintronics
Basically, in conventional electronics, the information is encoded and manipulated by
the electron charge while data are stored magnetically. Spintronics exploits the spin
of electron rather than its charge. Thus, based on spin-polarized current, spintronics
offers the possibility to combine the computing power of semiconductor technology and
the storage capacity of magnetic memory together on the same device. Additionally,
spin can be manipulated by magnetic and electric field but also optically, offering new
perspectives. Furthermore, as spin results from quantum mechanics, no limit to minia-
turization is foreseen while for traditional materials the problem of quantum tunneling,
resulting in leakage currents, increases as sizes become smaller. For same reasons, spin-
tronic components can be good candidates for quantum computation. All in all, using
the spin as a new degree of freedom alone or in addition to the electron charge will add
significantly more capability and performance to electronic products [1–7].
The beginning of spintronics goes back to the discovery of giant magnetoresistance
(GMR) in metallic multilayer at the end of the 80s [8,9]. GMR-based systems as spin
valve and later on magnetic tunneling junction (based on tunneling magnetoresistance
5
I.1. Spintronics and DMS Chapter I. Introductive part
(TMR)) have demonstrated the interest that represents the manipulation of itinerant
polarized electrons in magnetic materials, finding rapidly applications in magnetic sen-
sors, hard-disk read heads and MRAM (magnetic random access memory). Albert Fert
and Peter Grünberg, who discovered GMR phenomena, received the Nobel Prize in
physics in 2007 for the technological breakthrough that represents GMR in today’s
electronics [4,10]. The next generation of spintronic devices is expected to be based on
semiconductor materials, in order to use the potential of spin in processing techniques
and obtain in the future an electronics wholly based on spin. However to do so, major
challenges have to be addressed and overcome such as injection, transport, manipula-
tion, long coherence times and detection of spin [1,4,5,7,11–14]. Indeed, first spin-polarized
current (electrons that are predominantly in a spin-aligned state “up”or “down”) has to
be produced. Then, the itinerant spins need to be transferred efficiently across inter-
faces between different semiconductor materials. This transfer must proceed without
appreciable loss of spin polarization. Finally their polarization must be preserved long
enough for the desired operation to be carried out.
A variety of new materials must be found to meet the different demands [7,11,15]. Ro-
bust spin polarization arises naturally in ferromagnetic materials, which can serve as a
stable source of spin-polarized carriers. In particular, half-metallic ferromagnets, such
as chromium dioxide, Heusler alloys, magnetite and some manganites or double per-
ovskites, are of special interest [5,11]. Indeed, these materials have only one occupied spin
direction at the Fermi level giving rise to 100% polarization. Semiconducting and mag-
netic properties coexist in magnetic semiconductors (see next section). If they could be
used as a spin injector (instead of metallic ferromagnets) into a nonmagnetic semicon-
ductor it would facilitate the integration of spintronics in traditional semiconductor-
based electronics; they will overcome the problem of conductivity mismatch encoun-
tered between metal and semiconductors [16]. Other interesting materials for spintronics
are multiferroics [15,17–19]. These materials display both electrical and magnetic orders
that can be connected through strong magneto-electric effect giving the possibility
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of inducting and controlling the polarization by a magnetic field or the magnetiza-
tion by an electric field. Thus multiferroics are foreseen for electric field-controlled
magnetic data recording. Alternatively, there is also increasing researches on control-
ling spin-polarization on non-magnetic semiconductor through spin-orbit coupling [20]
(spintronics without magnetism) and on molecular materials [21–23].
I.1.2 (Diluted) magnetic semiconductors
Magnetic semiconductors (MS) are materials that exhibit both magnetic and semi-
conducting properties. MS is key to the development of spintronic devices such as
non-volatile memories, spin valve transistors, optical switches, spin-FETs and spin-
LEDs [1,7,14,24,25]. Encouraged by the realization of such devices [26–35], the study of MS
gave rise to intensive research activities. Requirements for functional MS are: ferro-
magnetic properties at room temperature (Curie temperature must be superior to 500
K [36]), possibility of n- and p-type semiconducting behaviors and the ferromagnetic
properties should be mediated by carriers. Furthermore, they should be compatible to
existing semiconductor to be readily integrated.
Natural ferromagnetic semiconductors do exist but are scarce. For example europium
and chromium chalcogenides present both properties; unfortunately they possess a low
Curie temperature [37,38]. Furthermore the majority of native ferromagnetic semiconduc-
tors are difficult to grow and their crystal structures are very different from traditional
semiconductors (Si and GaAs) [11,39]. Semiconductors are commonly doped by impuri-
ties to tune their properties. The same approach can be follow to make them magnetic,
i.e. by doping with magnetic impurities [39,40]. These materials, called diluted magnetic
semiconductors (DMSs), are typically II-VI or III-V semiconductors in which a small
fraction of their cations have been randomly substituted by magnetic ions such as
transition-metal ions (Fig.1).
DMS based on II-VI and IV-VI semiconductors have been widely studied in the 80s;
however these materials mainly present paramagnetic, spin-glass or antiferromagnetic
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a b c
Figure I.1: Schematic representation of a) a non-magnetic semiconductor, b) a diluted magnetic semi-
conductors made from a non-magnetic semiconductor doped by magnetic elements and c) a magnetic
semiconductor which contains periodic array of magnetic elements.
behaviors [40,41]. The study of III-V DMS some years later led to the achievement of fer-
romagnetic compounds [39,42] but their low Curie temperature prevents them to be used
for application (i.e. at room temperature). The revival of this already old field mainly
occurs due to the assumption that ferromagnetism is actually promoted by the semi-
conductor charge carriers and that room temperature ferromagnetism can be reached.
Indeed, in an extremely quoted paper Dietl et al. proposed, based on the so-called
Zener model, that the wide band-gaps GaN and ZnO doped by manganese would be
ferromagnetic with a Curie temperature exceeding room temperature [43]. Additional
advantages for the investigation of ZnO and GaN as DMSs are their optoelectronic
properties, their possible readily incorporation in existing semiconductor technology
and an encouragingly long spin coherence time of their undoped counterpart [25,44,45].
Since the prediction of Dietl et al in 2000, a lot of theoretical [46–52] and experimental
works were published on zinc oxide [41,53–57] and gallium nitride [25,58–60]. Furthermore,
these materials have led to the investigation of other oxides [36,55,61–64]. In particular,
TiO2 have attracted much attention due to the achievement of room temperature fer-
romagnetism [58,65].
However the search of high temperature DMS have led to contrasted results. While sig-
nificant progress has been made in the synthesis and improvement of semiconducting
and magnetic properties of these compounds, questions remain; especially significant
controversy exists over the origin of ferromagnetism in DMS. First, the discrepancy on
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the reported Curie temperature of DMS implies problem of reproducibility, contamina-
tion and/or magnetic secondary phase separation and the doubt is placed on the nature,
intrinsic or extrinsic, of the ferromagnetism [36,41] (see also introduction of chapter III).
The second major concern is about the mechanism relative to the magnetic interac-
tions present in such materials. The type of exchange mechanism which stabilizes the
ferromagnetic phase is not well understood and the link between carrier concentration
and ferromagnetism has not yet been clearly established [36,46,48,54,62]. In fact, the mag-
netic properties in such alloys are not trivial especially for highly diluted materials in
which the distance between magnetic atoms is enormous. The ferromagnetic properties
of DMSs result from a spin interaction between the electrons or holes in the sp bands
of the semiconductor host and those of the localized d shells of the magnetic impuri-
ties. The collective interaction of atomic magnetic moments, responsible for magnetic
order, can arise from one or several types of indirect exchange interactions such as
double exchange interaction, RKKY interaction (like in metals) or Zener mechanism.
The latest two are carriers-mediated interactions over relatively large distances. Based
on these possible interactions, different models have been proposed to account for the
magnetic behaviors of DMSs. For example, we can cite the Zener, impurity band and
bound magnetic polarons model [25,43,46,48,62,66,67].
I.2 The non-hydrolytic sol-gel
I.2.1 Sol-gel and non-hydrolytic sol-gel syntheses
Sol-gel processes have successfully been used for several decades for the synthesis of
bulk oxides as well as films, fibers and particles [68,69]. Advantages such as a low process
temperature, homogeneity of multi-component systems and the possibility of easy shape
processing explain the high scientific interest in sol-gel approaches. Because the rates of
the hydrolysis and condensation steps determine the nature (gel, colloids or particles),
size and shape of the final compound, both reactions have been extensively studied [68,69].
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While the sol-gel approach is extremely successful in the case of silica, it is less attractive
for the synthesis of transition metal oxides. This drawback mainly arises from the
fact that transition metal oxide precursors are generally much more reactive towards
water, resulting in a loss of control over the size and shape of metal oxides [68]. Different
strategies, such as the use of alternative water sources [70–72] and/or the reduction of the
precursor reactivity by chemical modification [73] were developed in order to overcome
this problem.
During the last decade, the use of non-aqueous conditions, called non-hydrolytic sol-
gel (NHSG) or non-aqueous sol-gel, has proven to be an elegant alternative approach.
It eliminates the main drawbacks of aqueous sol-gel chemistry and offers advantages
such as high reproducibility and a better control of the composition and homogeneity
of multi-component oxides [74–77]. These non-aqueous routes were extensively applied
to the synthesis of nanoparticles because the as-synthesized oxides are generally char-
acterized by a high crystallinity [78,79]. Furthermore, the process offers the ability to
control the crystal growth without the use of any additional ligands [76–81].
I.2.2 Reaction mechanism
In NHSG approaches, the M-O-M bonds of the oxide are formed without a hydrolysis
step and the oxygen is provided by other molecular species such as alcohols, ethers
or metal alkoxides [74,76,77,81]. As NHSG involves the cleavage of a carbon-oxygen bond,
the chemistry of these processes is based on reactions at the frontier of organic and
inorganic chemistries [82].
The synthesis of metal oxides based on NHSG routes can be divided into two classes:
In the first, the formation of the metal oxide network involves only a condensation step.
This is achieved by a reaction between the ligands coordinated to two different metal
centers as described by the reaction schemes given in Eq. 1-3 (Fig.1). The M-O-M bond
formation directly takes place under the elimination of organic molecules. The alkyl
halide elimination (Eq. 1) was the first NHSG reaction introduced for the formation
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of metal oxides and it is probably the most studied one. The ether elimination (Eq. 2)
takes place during the direct condensation of two metal alkoxides and the ester elim-
ination (Eq. 3) involves the condensation between metal carboxylates and alkoxides.
It is important to notice that in the case of these direct condensation reactions no
intermediate formation of an OH group is involved.
The second class of reactions based on NHSG engages the reaction between a metal
precursor and an organic solvent. In fact, the most common metal complexes, namely,
metal halides, alkoxides, carboxylates, and diketonates, react with common organic
solvents such as alcohols, ethers, ketones, aldehydes, anhydrides, carboxylic acids, and
amines. A classification of the different possible mechanisms involved [76,77,79,80] can be
made according to the following general trends: (i) The metal precursors react with
the solvent by a ligand exchange, followed by one of the condensation reaction given in
figure 1. (ii) The solvolysis of the metal complex leads to the formation of a hydroxyl
group (non-hydrolytic hydroxylation reactions [74]) which further reacts with a metal
precursor or another hydroxyl group forming M-O-M bonds. (iii) Finally, more complex
mechanisms such as Guerbet-like reactions or aldol condensations can take place. These
reactions imply several steps and/or require a concerted mechanism of many molecular
species. They have recently been evidenced in the formation of several metal oxides [80].
M X R O M
M O R O MR'














Figure I.2: Condensation steps leading to M-O-M bond formation in NHSG processes. Eq. 1) Alkyl
halide elimination, Eq. 2) ether elimination, Eq. 3) ester elimination. X stands in for halide species,
R and R’ indicate alkyl groups.
11
I.2. The non-hydrolytic sol-gel Chapter I. Introductive part
I.2.3 Non-hydrolytic sol-gel and doping
As we said before, an advantage of non-hydrolytic sol-gel processes, especially in com-
parison to aqueous systems, is the accessibility of multi-metal oxide nanoparticles [76,77,79].
One reason is that, in general, the reactivity of metal oxide precursors is significantly
reduced under water exclusion, allowing to control the metal oxide formation and more
importantly, makes easier to match the reactivity of different metal precursors to obtain
single-phase multi-component oxides. In addition, the large number of available precur-
sors and organic solvents offers many possible combinations for the synthesis of a spe-
cific system. As a matter of fact, non-hydrolytic sol-gel has been successfully employed
for the synthesis of various binary, ternary and multi-metal oxides such as BaTiO3,
InNbO4, ZnGa2O4, NaNbO3, NaTaO3, BaZrO3, SrTiO3, and (Ba,Sr)TiO3 [77,79]. There-
fore, this approach appears particularly promising for the synthesis of doped oxide
nanoparticles.
As a typical example, solid solution of indium tin oxide nanoparticles, for a large range
of compositions, could be synthesized in benzyl alcohol starting from Sn(IV) alkoxides
and In(III) acetylacetonate [83,84]. The same could not be achieved using In(III) alkoxides
instead, because the different reactivity of the two metal complexes does not permit the
formation of a solid solution [84,85]. It is important to note that, unfortunately, it is not
yet possible to predict the reactivity of metal complexes in a particular solvent as the
metal oxide formation is influenced by various additional effects such as intermediate
products formed during the reaction, side reactions and catalytic effects of the metal
centers, the metal oxide seeds and early formed nanoparticles.
I.2.4 Non-hydrolytic sol-gel in atomic layer deposition
Atomic Layer Deposition (ALD) is a form of chemical vapor deposition (CVD) in which
the reaction between precursor materials is separated into successive surface reactions.
In this manner, the precursor materials are kept separate until the adsorbed species
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react at the surface in a self-limiting process [86–88], i.e. without the presence of a gas
phase reaction. As a consequence, ALD offers excellent surface conformity. Inherent to
the process, is the possibility to accurately control the thickness of the deposited film
at almost atomic level simply by counting the number of deposition cycles. Finally,
ALD is an elegant and versatile procedure for the formation of oxide thin films.
Usually, ALD of metal oxides involves the reaction of a metal oxide precursor with an
oxygen source. Water is the most commonly used oxygen source and it is generally
admitted that water hydrolyzes the surface molecular species which results, at reason-
able temperature, in the formation of -OH groups [89–91]. The resulting hydroxyl groups
will further react with the metal oxide precursors supplied by a new pulse forming the
M-O-M bond. Therefore, the formation of the oxide is obtained through hydrolysis and
condensation steps as in traditional sol-gel process used in solution. Recently, inspired
by the success of nonaqueous sol-gel, similar nonaqueous conditions were developed
in [92–97]. An exhaustive list of nonaqueous sol-gel approaches applied to ALD can be
found in Table 1 of Ref [98]. It is interesting to note that similar chemistry is responsible
for the metal oxide formation in ALD and in solution [95,97–100].
However, notable differences have to be pointed out. First of all, the nature of re-
actions is obviously different. In sol-gel, the reactions occurring in solution are step
growth condensation polymerizations. The precursor-monomers and already-formed
dimers and oligomers condense to give larger colloidal species under the elimination
of simple molecules. In ALD, the metal oxide growth is based on subsequent self-
terminating heterogeneous reactions between the surface species and the monomers
coming from the gas phase. The latter thereby undergo irreversible chemisorption.
Another important difference concerns the time scales of these two processes. Non-
hydrolytic conditions were introduced in sol-gel chemistry because the reactions are
slow and therefore allow better control of the metal oxide formation. On the contrary,
in ALD, fast reactions are sought after in order to obtain short deposition times. Al-
though this suggests that non-hydrolytic conditions are not favorable for ALD of metal
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oxides, they bring some important benefits. Notably, they were firstly proposed with
the aim of reducing the growth of an interfacial layer (silica or silicates) in the case of
metal oxides grown on silicon [95]. In NHSG reactions, the metal oxide formation can in
certain cases be achieved without intermediate formation of hydroxyl groups. Finally,
the growth per cycle can be twice as large as compared to traditional depositions since
both reactants can contain a metal center [95].
14
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II.1 Introduction
II.1.1 ZnO
Zinc oxide is a well-know semiconductor that has a Wurtzite crystal structure (hexag-
onal phase). It is attracting much attention due to its numerous properties combined
to its low cost, offering possible applications in various fields such as electronics, opto-
electronics and gas sensing [1–11]:
ZnO is an intrinsically n-type, transparent semiconductor having a direct wide band
gap at 3.3 eV with a large exciton binding energy (60 meV) and so, have potential appli-
cations as transistor [12,13], solar cells electrode [14–19], photodetector [20], nanolaser [21–23],
light emitting diode [24–27], field emitter [28–33] and transparent conducting oxide upon
doping [34,35]. It rises also some interest as surface acoustic wave device [36], nanogenera-
tor [37,38], and actuator [39,40] due to its piezoelectric properties. ZnO has a high sensitiv-
ity to many gases and was proposed as sensor for O2 [41,42], NO2 [43,44], CO [45], H2 [46,47],
H2S [48,49], NH3 [48,50,51] and organic compounds [42,48,50,52]. Furthermore, it is attractive
for biological application as biosensors [53,54] or antibacterial/microbial [55,56]. In addi-
tion, ZnO is a relevant industrial material, used as additive in rubber, concrete and
paint, but also in food and cosmetic as it is nontoxic [4].
II.1.2 Doping
Doping has been performed on ZnO in order to adjust its electrical and optical proper-
ties and in fact, for most applications mentioned above, doping is requisite [4,7–10]. For
example, doping of ZnO by a group IIIA element, principally Al [35,57] and Ga [58,59],
enhances the conductivity (n-type doping). To obtained p-type behavior, the best re-
sults are obtained with a group VA element [60] such as As [61], P [62,63], N [64] and by
co-doping [65,66]. The emission from the band gap and from the defects can be tuned
by Al, Sn, In, rare-earth and transition metal elements [67,68]. The change of electrical
property of ZnO with impurities is beneficial also in gas sensors. The dopants used are
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Al, In, Sn, Cu, Fe, Pd... [42,44,45,52,69].
Furthermore, doping with paramagnetic ions has certainly found some echo in another
scientific area, namely the diluted magnetic semiconductors (DMSs). This domain will
be described in the next chapter.
II.1.3 ZnO growth
ZnO has been studied in different form; going from single crystals several mm long [70,71]
to quantum dots [72] and colloids [73], including bulk, film, micrometric and nanomet-
ric powders. Moreover, zinc oxide presents a large variety of shapes and nanostruc-
tures [7,10,67,74]. For example, rod [75–78], wire [79,80], tube [81,82], ellipsoid [83], triangle [84],
ring [85,86], donut [87], disk [85,88], cone [89,90], helix [91,92], multipod [28,93], hollow-sphere [94,95],
flowerlike [96,97] and branched structure [98,99] have been reported. In particular, nanorod/wire
arrays [21,100–105] have attracted much attention because one dimensional structures are
easily obtained due to the different polarity of crystal faces [106,107] and are particularly
interesting for applications [11,14,74].
Another interesting feature with zinc oxide is that it can be synthesized toward a
large variety of methods, ranging from physical/gas-phase processes such as solid-
vapor (SV) [21,81,91,93,108], sputtering [34,109], pulsed laser deposition (PLD) [110,111], molec-
ular beam epitaxy (MBE) [27,64], chemical vapor deposition (CVD) [29,31], pulsed laser
ablation (PLA) [59,61], ALD [55,112], to solution phase synthesis, i.e. from aqueous solu-
tion [77,97,103], sol-gel [54,113,114], hydrothermal [115], from organic solution [76,89], solvother-
mal [101,116,117] and non-hydrolytic sol-gel [118–120]. Decomposition [121,122], spray pyroly-
sis [65,123] and microwave assisted synthesis [124–126] were also reported as successful way
for nanostructures and films synthesis.
Doped ZnO was mainly studied only as film or bulk synthesized by physical routes [127,128].
In fact, in the beginning of this study, doping of nanostructure prepared by soft chem-
istry was scarcely reported [129–133]. However as the use of high temperature can promote
dopant segregation, the use of liquid phase synthesis can be a good solution to over-
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come this problem if it is possible to match the reactivity of the metal and dopant
precursors. Furthermore, solution routes allow the synthesis of gram-scale quantities of
homogeneous nanostructures. This is an important prerequisite for an in depth analy-
sis and microscopic characterization of the obtained material. Therefore, non-aqueous
sol-gel and in particular the use of alcohols may be beneficial as the temperatures used
for synthesis are relatively low and many different precursors react with alcohol. Few
reports exist on the synthesis of zinc oxide in alcoholic media and in the majority
of these cases, either surfactants are used to control the morphology [89,117,118] or ba-
sic condition are needed to accomplish hydrolysis of the zinc precursor [72,77,134–136]. In
fact, only three different studies involve the syntheses in pure alcohol [90,116,119] and the
possibility of doping zinc oxide by this approach had not been explored.
To the authors best knowledge since the beginning of this study other works have been
published reporting the doping of zinc oxide nanostructures, using alcohol [137,138] or
other solution phase syntheses [139–144].
II.2 Synthesis and morphological study
II.2.1 Synthesis
The nanoparticles were obtained by a solvothermal route involving zinc acetate and
different benzyl alcohol/anisole proportions at moderate temperature (250 ◦C) (table
II.1). The dopant precursor was introduced directly in the reaction mixture as cobalt
acetate or manganese oleate. Depending on the nature of doping agent used, the re-
sulting nanoparticles are a green (cobalt) or yellow (manganese) powder. The content
of organic impurities was estimated by microanalysis. For all samples, less than 0.5%
of carbon was found, demonstrating the good purity of the as-synthesized particles.
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II.2.2 Morphology
The morphology of the products was examined with scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and infrared (IR) spectroscopy. The
results are summarized in (table II.1).
Microscopy
The synthesis in pure benzyl alcohol (BA) leads to inhomogeneous samples (Fig.1).
Pure ZnO samples are composed of rods and elongated, triangular and hexagonal par-
ticles (Fig.1.A). The particles doped with a low content of cobalt (not shown) display
similar morphologies and sizes. However, while increasing the cobalt concentration big-
ger object are formed. They consist, in larger proportion, of rods with different diameter
and aspect ratio (Fig.1.C). In contrast, samples doped by manganese (Fig.1.B) appear
to be mainly constituted of irregularly shaped particles, slightly smaller than in the
case of pure ZnO.
500nm250 nm250 nm
A B C
Figure II.1: (A) TEM image of pure ZnO, (B) TEM image of 0.56% Mn-doped ZnO and (C) TEM
image of 3.88% Co-doped ZnO synthesized in pure BA.
When decreasing the proportion of benzyl alcohol in the reaction mixture by using a
co-solvent, the morphologies obtained are better defined. Using 5% of benzyl alcohol in
anisole, rods of approximately 400 x 100 nm are obtained for pure ZnO (Fig.2.A). In
the case of Co-doped samples, SEM observations (Fig.2.B) demonstrate that shorter
28
Chapter II. Doped ZnO, Synthesis II.2. Synthesis and morphological study
rods are formed for low doping content. At higher concentration, the formed rods are
less homogeneous in size (not shown). The manganese doping leads to the formation






Figure II.2: (A) SEM image of pure ZnO, (B) SEM image of 0.81% Co-doped ZnO and (C) TEM
image of 0.56% Mn-doped ZnO synthesized in BA/A (5/95%). (D) TEM image of 0.65% Co-doped
ZnO in anisole with traces of BA.
Further decrease of the benzyl alcohol content can improve the aspect ratio; however,
a drastic decrease of the synthesis yield is observed. Nevertheless, in order to corrob-
orate the control over the aspect ratio, the synthesis of pure and Co-doped ZnO were
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performed with less BA. The highest aspect ratio was obtained in pure anisole using
a Teflon cup that was previously used for a synthesis of ZnO in pure benzyl alcohol
(Fig.2.D). In fact, we have quantified by GC-MS that a 45 ml Teflon cup can stock and
liberate up to 200 µl of solvent inside its walls. As anisole is an inert solvent regarding
the sol-gel process, the traces of benzyl alcohol are responsible for the reaction. Dur-
ing the synthesis, the traces of benzyl alcohol which were absorbed by the Teflon at
high temperature were slowly released allowing a fine control of the reaction kinetics
(Fig.2.D). The larger aspect ratio obtained in this case is certainly due to the con-
tinuous and slow supply of the reacting solvent. This method is unconventional and
these results are present here only with the purpose to illustrate the decisive role of





none 0 Nanoparticles and nanorods
Co
0.77 Nanoparticles and nanorods
3.88 Rodlike morphology, inhomogeneous size
Mn 0.56 Elongated, triangular and hexagonal nanoparticles
A/BA (95/5 %)
none 0 Small rods
Co
0.81 Small rods
1.16 Rodlike morphology, inhomogeneous size
4.09 Rodlike morphology, inhomogeneous size
Mn
0.66 Rods
0.86 Rods with inhomogeneous length
A + traces of BA Co 0.65 Nanowires
Table II.1: Experimental conditions and morphological results for pure and doped ZnO.
IR spectroscopy
IR spectroscopy was performed to confirm the evolution of the morphology at the
macroscopic scale. Wurtzite zinc oxide has four IR actives mode; A1 and E1 transverse
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optical modes (TO) at ωT‖ = 380 and ωT⊥ = 410 cm−1 and, A1 and E1 longitudinal
optical mode (LO) at ωL‖ = 575 and ωL⊥ = 590 cm−1, respectively [8,145,146]. However,
typical spectra of small ZnO crystals present up to three bands located between the
bulk TO and LO vibrations. These bands are due to surface phonon modes (SPMs)
and the values of the frequency of these SPMs depend on the size, shape and dielectric
constant of the surrounding medium of the particles. For uniaxial crystal, as ZnO,
the effect of the shape on surface phonon has been studied by the theory of average
dielectric constant (TADC) that takes into account the anisotropic dielectric constants
and the shape of a given materials [147–149]. Furthermore, a collection of spectra vs.
morphology can be found in the literature, illustrating the good correlation between
band displacement and shape of the crystal [150–155]. Spherical ZnO nanocrystals (c/a=1)
give rise to a single band at 430-490 cm−1. A splitting of the absorption band takes
place going to the cylinder (c/a1) or the slab (c/a1) [150–152]. Therefore, this feature
can be used to define an average shape of the ZnO particles.















Figure II.3: FT-IR spectra of pure ZnO (—),
0.77% Co-doped ZnO (- - -), 3.88% Co-doped
ZnO (· –), 0.56% Mn-doped ZnO (· · ·), synthe-
sized in pure BA.















Figure II.4: FT-IR spectra of pure ZnO (—),
0.81% Co-doped ZnO (- - -), 4.09% Co-doped
ZnO (· –), 0.66% Mn-doped ZnO (· · ·), synthe-
sized in BA/A (5/95%) and 0.65% Co-doped
ZnO synthesized in anisole with traces of BA
(· · –).
Figure 3 shows the spectra recorded for samples synthesized in pure BA. Pure and
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slightly doped ZnO do not present a well-defined morphology as determined by mi-
croscopy, and indeed theses samples display similar spectra, i.e. a broad band with
three maxima between 415 and 540 cm−1 resulting of the overlapping of the three SPM
absorptions of ZnO. Sample with high cobalt content (Fig.3 dot-dashed-line) display a
similar band that for pure ZnO and Co-doped ZnO made in a mixture of benzyl alco-
hol/anisole 5/95% (Fig.4 full-line, dashed-line and dot-dashed-line). The broad band
is centered at 460 cm−1 with and without a small splitting. This is in good agreement
with the TEM/SEM findings showing short rods. For the Mn-doped ZnO synthesized
with the same benzyl alcohol/anisole quantity the particles present a higher aspect
ratio, thus the splitting is better visible and the width of the IR absorptions are much
sharper (Fig.4 dotted-line). The same trend is observed in the case of Co-doped sample
synthesized in anisole in the presence of traces of benzyl alcohol (Fig.4 dot-dot-dashed-
line). A splitting value could be determined for the two latter samples, ∆υ= 120 and
147 cm−1 respectively, corresponding to the splitting generally observed for rod-like
crystal [150] in good agreement with electron microscopy data.
II.2.3 Mechanism of the reaction
The reaction responsible for the formation of the oxide occurs between the zinc acetate
and the benzyl alcohol; the anisole is used as co-solvent and it is inert toward the
precursors. In order to understand the crystal growth, the mechanism of the reaction
was studied. Nuclear magnetic resonance (NMR) was used to analyze the composi-
tion of the solvent mixture after reaction. It contains, quantitatively, benzyl acetate
as by-product. Formation of an ester was already observed during the reaction of zinc
acetate and ethanol [119], between zinc stearate and 1-octadecanol [118] and in more com-
plex media, between zinc acetate and 1,12-dodecanediol [89]. Such a synthetic approach
is well established in the field of nonaqueous sol-gel processes and called ester elimi-
nation [156–158]. The formation of zinc oxide following this route engages hydroxylation
and condensation reactions (Fig.5).
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During hydroxylation, (Fig.5.A) the acetate functions are replaced by hydroxide groups
leading to the formation of zinc hydroxide derivative and benzyl acetate. Two competi-
tive condensation reactions can then take place: i) between two freshly formed hydrox-
ide groups (Fig.5.B1) with the formation of water, or ii) between a hydroxide and an
acetate function with release of acetic acid (Fig.5.B2). Acetic acid was not detected
in final mixture probably because of its immediate reaction with benzyl alcohol pro-
ducing benzyl acetate and water. Esterification is an equilibrium. However, as it took
place in a large excess of alcohol the equilibrium is strongly displaced toward the ester
formation, thus explaining the absence of the acid. The water produced in-situ by this
side reaction but also during the condensation step B.2 (Fig.5), can hydrolyze zinc
precursors increasing the overall reaction kinetics.
Very recently, Bilecka et al. have studied the kinetic of the ZnO formation in this system.
Although they principally investigated the reaction under microwave irradiations, they
also compared with traditional heating and drew some general conclusions about the
mechanism. They particularly demonstrated the role and interconnection of the organic























Figure II.5: Scheme of the reaction between benzyl alcohol and zinc acetate. (A) Hydroxylation of
zinc acetate, (B) the two possible condensation pathways, ≡ represent any kind of ligand coordinated
to the Zn atom (OH, acetate, O-Zn).
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II.2.4 Discussion
The poor control over the crystal growth found in the case of ZnO compared to other
reactions involving benzyl alcohol [157,158] can be explained by the fact that a lot of water
is formed in-situ. Furthermore, NMR quantification points to the complete reaction
of acetate species with benzyl alcohol producing two benzyl acetate molecules per
Zn atom. It is know that carboxylates act as surfactant in controlling the growth of
nanoparticles because they bind to oxide surfaces. For example, it was found that
carboxylate species bind so strongly to sub-nanometer thick rare-earth oxide platelets,
than they block any further growth [159,160]. In the present case acetates are totally
consumed during the esterification reaction and they cannot act as surfactants.
Contrary to other synthesis [76,77,150,161], the size and shape controls are not affected
by varying the concentration of zinc precursor. Instead, the concentration of benzyl
alcohol plays a role. This is obviously related to the fact that the concentration of
zinc precursor is much smaller compared to the one of benzyl alcohol. Reduction of
the quantity of alcohol by using an inert co-solvent affects the kinetic of the reaction
as the observed aspect ratio increase substantially and a more defined morphology is
obtained. However, using anisole leads to a decrease of the synthesis yield. Thus, we
have focused this study on samples synthesized with at least 5% of benzyl alcohol in
anisole.
Additionally, the nature and the concentration of dopants influence slightly the mor-
phology. In the case of manganese doped particles a better morphological control can
be explained by the presence of oleate molecules which behave as a surfactant.
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II.3 Strucutral characterizations
II.3.1 XRD
Figure 6 shows the X-ray diffraction (XRD) pattern of the pure ZnO nanoparticles. It
can be indexed to the hexagonal Wurtzite structure (Zincite), which is the thermody-
namically stable phase. Cobalt and manganese doped samples are plotted in logarithmic
scale figures 7 and 8, in order to enhance the presence of any impurity. No additional
reflections are observed even for the particles including the largest amount of dopant
indicating that there are no additional crystalline structures present in the samples. In
all cases, Wurtzite is the only crystalline phase. One would expect a shift of the lattice
constant due to the substitution of host atoms, as it is normally the case for solid so-
lution. However, the diffraction peaks do not show any significant shift. This certainly
results from the close values of ionic radii in the case of zinc and cobalt (Zn2+ ∼ 0.60 Å,
Co2+ ∼ 0.58 Å). Nevertheless, a shift is supposed to occur for manganese doping, which
have a higher ionic radius (Mn2+ ∼ 0.66 Å). However, manganese sample studied here
are only slightly doped (less than 1%) and probably not enough to induce a detectable
shift.





































Figure II.6: X-ray diffractogram of pure ZnO synthesized in BA/A (95/5%) the indexation of Wurtzite
structure (JCPDS Card No 36-1451) is given.
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Figure II.7: Log scale XRD patterns of a) 0.77%
and b) 3.88% Co-doped ZnO synthesized in pure
BA, c) 0.81% and d) 4.09% Co-doped ZnO syn-
thesized in BA/A (5/95%) and e) 0.65% Co-
doped ZnO synthesized in anisole with traces of
BA.
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Figure II.8: Log scale XRD patterns of a) 0.56%
Mn-doped ZnO synthesized in pure BA, b) 0.66%
and c) 0.86 % Mn-doped ZnO synthesized in
BA/A (5/95%).
II.3.2 Electron diffraction and HRTEM
Select area electron diffraction (SAED) and high-resolution TEM (HRTEM) were used
to investigate the crystallinity and growth orientation. Figure 9.A shows a TEM im-
age of one rod of a cobalt-doped sample. The corresponding diffraction pattern can
be indexed to the hexagonal Wurtzite phase of zinc oxide in agreement with XRD.
Furthermore, the rods are single-crystalline and elongated in the [001] direction, i.e.
along the c axis. This is consistent with the reported preferential orientation growth
in solution, based on the different polarity of the crystal planes [106,107]. The presence
of forbidden (001) reflections is often observed for ZnO nanoparticles and caused by
multiple diffraction [89,122] and defaults. A high resolution TEM image recorded from
the tip region of a particle and the corresponding power spectrum is shown in figure
9.B. The tip shows a nice crystallinity and clear lattice fringes can be observed. The
separation between the lattice fringes along the wire axis is in agreement with the (002)
plane spacing (2.60 Å). In the direction perpendicular to the wire axis, the (110) planes
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Figure II.9: (A) TEM picture of single rod with in inset the corresponding SAED pattern (0.65% Co-
doped sample). (B) HRTEM image of the tip region of a single particle with in inset the corresponding
power spectrum (3.88% Co-doped sample).
with a spacing of 1.38 Å are observed. In contrast to the SAED, the power spectrum
of the tip only shows the allowed 002 spots. Changes in the contrast are due to the
increasing thickness from the tip to the inner part. Furthermore, secondary phases such
as precipitates or inclusions were not observed in any samples by microscopy.
II.4 Dopant concentration and homogeneity
After morphologic and structural characterizations, the concentration and homogene-
ity of the dopant were investigated using inductively coupled plasma-atomic emission
spectrometry (ICP-AES) and energy dispersive X-ray spectrometry (EDX). The doping
concentration monitored by ICP-AES comes out to be slightly lower than the quantity
of precursors introduced, about 30% and 45% less for cobalt and manganese doping,
respectively. The cobalt concentration could be varied from 0.5% to larger than 4%, the
manganese one from 0.5 to 1%, depending on the amount of precursor added (tableII.2).
In order to confirm the homogeneity of the cobalt distribution within the ZnO matrix,
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EDX were recorded in the TEM. Figure 10 presents spectra recorded for a small amount
of particles as well as when measured at different points along a single particle. The Co
concentration seems homogeneous; at least, the variation of the Co concentration lies
below the detection limit. In addition to EDX, electron energy loss spectroscopy (EELS)
was also used (not shown). Due to the relatively large thickness of the particles, the
Co white lines peaked only slightly above the huge background caused by the inelastic
scattering processes. Again, the expected variations were below the detection limit.
Therefore it can be concluded that the Co is indeed homogeneously distributed in the
synthesized particles. This is in agreement with the HRTEM investigations reported
above, where no inclusions of a second phase have been observed.
Solvents Dopants Nominal doping(%) Effective doping(%)
BA Co 1.06 0.77
BA Co 4.90 3.88
BA Mn 1.04 0.56
A/BA (95/5 %) Co 1.22 0.81
A/BA (95/5 %) Co 1.99 1.16
A/BA (95/5 %) Co 5.40 4.09
A/BA (95/5 %) Mn 1.16 0.66
A/BA (95/5 %) Mn 2.07 0.86
A + traces of BA Co 0.99 0.65
Table II.2: Nominal doping and effective doping for Co- and Mn-doped ZnO.
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BA
Figure II.10: (A) EDX spectra recorded from regions containing a number of particles and spectra
recorded along a single particle reveal a homogeneous distribution of Co. (B) Region from which the
EDX spectra shown here were recorded. Circles indicate regions where the spot was focused for the
detection of eventual variations in the Co concentration along a single particle (3.88% Co-doped ZnO).
II.5 Conclusion
In summary, we have synthesized cobalt and manganese doped zinc oxide using a non-
hydrolytic sol-gel synthesis. The obtained particles are single crystalline presenting a
hexagonal structure. ZnO was doped up to 5% for cobalt and 1% for manganese with a
good efficiency. No precipitates or inclusions of a secondary phase was observed, hence
the dopant is homogeneously distributed in the oxide. Controlling the amount of benzyl
alcohol, by using an inert co-solvent, has led to an improvement in size and shape of the
particles, producing rods elongated along the [001] direction. However, a decrease in
the reaction yield is observed, and thus this study has focused on samples synthesized
with at least 5% of benzyl alcohol in anisole.
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II.6 Experimental part
Synthesis
Zinc(II) acetate 99.99%, Cobalt(II) acetate anhydrous, Anisole 99% and benzyl alcohol
99%, were purchased from Aldrich, stored in a dessicator (or a glovebox) and used as
received. Mn(II) oleate was prepared by reacting Mn(II) chloride and sodium oleate [162].
In a typical reaction, a Teflon cup of 45 ml inner volume was filled with 2.73 mmol
of Zinc(II) acetate, 16 ml of anisole and 800 µl of benzyl alcohol for the “benzyl al-
cohol/anisole (5/95%)” synthesis or with 16 ml of benzyl alcohol for the pure benzyl
alcohol route. The “anisole with trace of benzyl alcohol ” route was carried out with
16 ml of anisole in an autoclave previously used with benzyl alcohol. Then, the cup
was slipped into a steel autoclave, sealed and heated at 250 ◦C for 2 days. The result-
ing suspensions were centrifuged, and the precipitates were meticulously washed with
ethanol and dichloromethane and then dried in air at 80 ◦C. The quantity of nanocrys-
tals produced was approximately 170 mg (yield >70%). In the case of the Co(II)-
and Mn(II)-doped ZnO x-equivalents of transition-metal precursor were added to the
reaction mixture, in that case, green and yellow powder were obtained respectively.
NMR
Nuclear Magnetic Resonance (NMR) was performed with a Brucker instrument at
300MHz using DMSO-d6 as solvent. 1H NMR spectra of final reaction mixture de-
pict: Benzyl alcohol, δ(ppm): 4.55 (d, 2H, CH2, 3JH-H=5.4Hz), 5.27 (t, H, OH, 3JH-
H=5.4Hz), 7.34 (m, 5H, C6H5). Benzyl acetate, δ(ppm): 2.07 (s, 3H, CH3), 5.1 (s, 2H,
CH2), 7.26 (m, 5H, C6H5). Water, δ(ppm): 3.54 (s, H2O).
Experimental details
SEM images were performed using a FEG-SEM Hitachi S4100 microscope operating at
25 kV. The samples were prepared by depositing a drop of a suspension of the particles
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in ethanol onto a glass piece, which was then coated by carbon. TEM was carried
out on a Hitachi H-9000 microscope operating at 300 kV, high resolution microscopy
EDX and EELS measurements were performed on a CM200FEG (Philips) microscope,
operated at 200 kV, equipped with a field emission gun and a GATAN Tridiem GIF.
Samples were prepared by depositing a drop of a solution of particles in ethanol on a
copper grid coated with an amorphous carbon film. FTIR spectra were measured on
a Matson 7000 FTIR spectrometer from KBr pellets. XRD data were collected on an
X’Pert MPD Philips diffractometer (CuKα X-radiation at 40 kV and 50 mA). ICP-AES
was realized in the Analytical Laboratories of University of Aveiro.
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III.1 Introduction
III.1.1 Doped ZnO context
Since 2000 and the paper of Dietl et al. [1] predicting room ferromagnetism in zinc
oxide doped by manganese, a lot of controversial works were published on the magnetic
properties of ZnO doped by different dopants and combination of dopants [2–8]. A picture
of the controversy is given by the tableIII.1 which reports some studies on Co- and
Mn-doped ZnO. From this table, one can see that, for the same dopant, the magnetic
behaviors go from paramagnetic to ferromagnetic or spin glass behavior. In fact, many
of the claims of high-temperature ferromagnetism in DMS systems are questionable
owing to the tendency of these materials to phase-separate into a semiconductor matrix
laced with ferromagnetic metal or oxide domains [9–18]. Consequently, the main point
of any new study relies on the exclusion of any secondary phase as the origin of the
ferromagnetism. This point is critical for nanoscale systems as they tend to expel
the doping atoms from the nanocrystals core. In fact, during synthesis, dopant can
form many secondary phases that possess magnetic ordering (cf. tableIII.2). Thus,
homogenous doping is particularly important in the comprehensive study of DMS.
However, even if sometime the presence of a second phase can be excluded, there is
still a discrepancy between the intrinsic magnetism reported. In fact, the exact origin
of the magnetism in DMS is yet not understood and subject of active debate [4,8,19–23].
It appears that for homogeneous systems the magnetic properties seems to be strongly
dependent on dopant/matrix interaction, carrier concentration, defects, and thus on
synthesis conditions. Indeed, many authors agree with the important role played by
defects in the magnetic properties and, it was found that Zn interstitial, oxygen va-
cancies or free carriers introduced by co-doping (Li, N, H, Sn) are able to induce or
enhance ferromagnetism [4,16,21,24–30].
In view of all the facts mentioned above, we conducted meticulous characterizations
of the doped nanoparticles obtained, with emphasis on the homogeneity as well as the
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Dopant content x
(Zn1−xMTxO)
Synthesis Form Magnetic State Ref
Mn 0.02-0.06 Decomposition Bulk Para [31]
Mn 0.05-0.1 Solid state Bulk Para [32]
Mn 0.02-0.05 Solid state Bulk Para [33]
Mn 0.02 Solid state Bulk Ferro TC>420 K
[34]
Mn 0.05 PLD Film on sapphire Para [35]
Mn 0.1-0.3 MBE Film on sapphire Ferro TC = 30-45 K
[36]
Mn 0.36 PLD Film on sapphire Spin glass TF = 13 K
[37]
Mn 0.07 Sputtering Film on sapphire Para [38]
Mn 0.02 PLA Film on fused quartz Ferro TC>400 K
[39]
Mn 0.002 Solution Film on fused silica Ferro TC>300 K
[40]
Mn 0.01-0.04 VLS Nanowires on Si Ferro TC>400 K
[41]
Mn <0.01 CVD Nanorods on sapphire Ferro TC>350 K
[42]
Mn 0.04 Solution Nanocrystals Ferro TC>300 K
[43]
Mn 0.002-0.02 Sol-gel Nanocrystals Ferro TC>350 K
[44]
Mn 0.02-0.25 Combustion Nanowires Para [45]
Co 0.02-0.15 Decomposition Bulk Para [46]
Co 0.05-0.15 Decomposition Bulk Para [47]
Co 0.02 Solid state Bulk Para [33]
Co 0.05 Sol-gel Bulk Para [48]
Co 0.1 Hydrothermal Bulk Para [49]
Co 0.05-0.25 PLD Film on sapphire Ferro TC∼300 K [50]
Co 0.01-0.25 PLD Film on sapphire Ferro TC>300 K
[35]
Co 0.25 PLD Film on sapphire Spin glass TF = 8K
[51]
Co 0.016-0.05 PLD at 500◦C Film on Al2O3 Ferro TC∼300 K [52]
Co 0.016-0.05 PLD at 700◦C Film on Al2O3 Para
[52]
Co 0.05 PLD Film on Si Ferro TC>300 K
[53]
Co 0.01-0.02 Electrodeposition Nanowires on Si Ferro TC>300 K
[54]
Co 0.01-0.08 Solution Nanocrystals Ferro TC>350 K
[55]
Co 0.056 Solvothermal Nanocrystals Ferro TC>300 K
[56]
Co 0.01-0.1 Solution Nanocrystals Para [57]
Table III.1: Magnetic behaviors of doped ZnO: Overview of some published results (VLS stands for
vapor-liquid-solid).
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local environment of the magnetic ions diluted into the matrix before to interpret the
magnetic properties: this will be presented in this chapter.
Phase Form Magnetic ordering Transition
Temperature (K)
Refs
Mn - Antiferro 100 [27]
MnO
Bulk Antiferro ≈120 [58–61]
NPs Ferro 10-30 [59,62]
MnO2 (α; β; λ)
Bulk Antiferro 25; 92; 32 [63–66]
NPs Antiferro 13; 98 & 30-50; 17 [63–65,67]
αMn2O3
Bulk Antiferro 80-90 & 25 [58,68]
Diluted NPs Superpara ≈35 [69]
Mn3O4
Bulk Ferri 42 [70]
NPs Ferri ≈40 [58–60,71]
Diluted NPs Superpara 41 [72]
ZnMn2O4 - Ferro 1298
[5]
MnZn - Ferro 150 [5]
Co
Bulk Ferro 1373 [5,15]
NPs Superpara 10 to RT [73,74]
Diluted NPs Superpara 9-13 [75]
CoO - Antiferro 287 [76]
Co3O4
Bulk Antiferro 40 [76,77]
NPs Antiferro 30-35 [78]
Diluted NPs Superpara 10-20 [78]
CoZn Bulk Ferro ≈400 [9,79]
Table III.2: Possible secondary phases formed by the dopant with their magnetic properties as bulk
and nanoparticles (NPs).
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III.1.2 Case of Co- andMn-doped ZnO from trioctylamine route
The works reported in this manuscript follows closely the study of Dr. Zitoun on the
synthesis and characterization of manganese and cobalt doped ZnO nanowires synthe-
sized by a surfactant assisted route [80,81]. The results obtained will be introduced here
as they will be compared to our results all along this chapter.
The Co- and Mn-doped zinc oxide nanowires were grown from a solution phase synthe-
sis by the thermal decomposition of the metal precursors (zinc acetate, cobalt acetate
or manganese oleate) in a coordinating solvent, the trioctylamine, between 280-310
◦C. The nanowires, average 30 nm in diameter, can grow as long as 3-4 µm. The Mn-
doped ZnO displays a paramagnetic state even after annealing and the appearance
of a Mn rich precipitate while Co-doped ZnO exhibits mainly a ferromagnetic behav-
ior till 350K, and display high magnetic moment values (1.3 µB/Co at 300K). The
dopant distribution in the wurtzite lattice, ensured by EDX, EPR, EELS and photolu-
minescence experiments, was uniform with no detectable phase impurities or clustering.
Even though no secondary phase was observed, amine is able to reduce metals at high
temperature; therefore, the use of another solvent less reductive such as alcohol and
lower temperature is more likely to avoid any possible reduction or segregation of the
magnetic dopants.
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III.2 Dopant environment
After determining the morphology, purity and dopant concentration (cf. chapter II)
we ascertained the local environment of the cobalt using electronic spectroscopy and
paramagnetic resonance.
III.2.1 UV/Visible reflectance
Diffuse reflectance UV-Visible measurements of pure ZnO and ZnO doped with Co and
Mn are shown in figure 1. The spectrum of pure ZnO exhibits typical exciton band-
gap absorption around 3.3 eV. Co-doped ZnO spectra synthesized in pure BA and in
BA/anisole (5/95%) show the same additional optical absorptions at 2.18, 2.03 and 1.9
eV. These features are due to the 4A2(F)→2A1(G), 4A2(F)→4T1(P), 4A2(F)→2E(G)
transitions, characteristic of Co2+ in a tetrahedral crystal field [82–84]. A modification
of the excitonic peak emerges after doping, which is usually attributed as a red shift
of the band gap due to sp-d exchange interactions [16,85,86]. However, we assume that
this modification is probably caused by a charge transfer as explained by Gamelin et
al. [55,87,88]. Indeed, the band gap edge of ZnO is still present at 3.3 eV and is only par-
tially overlapping with this new band at around 3 eV. The spectrum of the Mn-doped
sample depicts a broad absorption peak centered at 2.7eV. Such a band is often at-
tributed to the Mn2+ transition 6A1→4T1(G) [31,89]. However, manganese II (d5) should
not present any (or very weak) absorption as they are forbidden by parity and spin.
Thus, the exact origin of this band is not unequivocally assigned and by considering
the width of this absorption it is justifiable to attribute it to a charge-transfer [40,90,91].
Finally, electron spectroscopy is consistent with Co- and Mn-doped ZnO presenting a
homogeneous distribution of the dopants in a tetrahedral environment, i.e. at the Zn
site.
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Figure III.1: Diffuse reflectance UV-Visible of pure ZnO (—) and 0.81% Co-doped ZnO (· · ·) synthe-
sized in BA/anisole (5/95%), 0.77% Co-doped ZnO (· –) synthesized in pure BA and 0.66% Mn-doped
ZnO (- - -) synthesized in BA/anisole (5/95%).
III.2.2 Electron paramagnetic resonance spectroscopy
We complemented the study of the dopant distribution and environment with electron
paramagnetic resonance spectroscopy (EPR). This technique is a very efficient tool
to determine environment of paramagnetic species in a host lattice and was used to
investigate Mn in several II-VI semiconductors [92–95] and Co in SnO2 or ZnSe [96,97].
Manganese
EPR was used to probe manganese in ZnO as films, single crystals, colloids and pow-
ders [40,80,98–100]. It appears that isolated manganese in the tetrahedral environment of
zinc oxide has a g-factor value close to 2 with a hyperfine coupling constant (55Mn
nucleus, I = 5/2) of A = 76x10−4 cm−1 [98–101] whereas the presence of surface state
Mn2+ atoms presents a hyperfine coupling of A = 89x10−4 cm−1 [40,100].
EPR measurements were performed on powders and the spectra obtained are indepen-
dent of the solvent used. Below 1.0% Mn doping, the spectrum shows two features at a
g-factor ∼2: (i) A broad resonance resulting from exchange interactions between Mn2+
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ions and (ii) a sextuplet from isolated spins (Fig.2). The observed hyperfine splitting (a
= 76 Gauss, A = 72x10−4 cm−1) (Fig.3) is in close agreement with the bulk value for
diluted Mn in ZnO matrix and precludes the occurrence of surface state Mn2+ atoms.
In the present case the manganese ions are distributed substitutionally in tetrahedral
sites. EPR spectra were also recorded at different temperatures between 100 and 300
K (Fig.2). The linewidth (peak-to-peak) of the broad resonance is constant over this
range of temperature, indicating an absence of spin correlation. Moreover, the intensity
decreases with increasing temperature following, as expected for isolated paramagnetic
ions, a Curie’s law. Plotting the inverse of the intensity versus temperature (Fig.4), it
is possible to determine a Curie-Weiss temperature of θ = -55.5 K, the minus sign in-
dicating antiferromagnetic exchanges between interacting neighboring manganese. At
higher Mn concentration, only the broad signal is observable. Similar behavior of the
signal with the concentration of Mn has been observed for sample synthesized with
trioctylamine [80].














Magnetic Field  (G)
Figure III.2: Temperature-dependent EPR spec-
tra (intensity decreases with increasing tempera-
ture, T = 100, 150, 200, 250 and 300 K) of 0.56%
Mn doped ZnO synthesized in benzyl alcohol.















Magnetic Field  (G)
Figure III.3: First derivative of the spectrum in
figure 2 collected at T = 100 K.
63
III.2. Dopant environment Chapter III. Doped ZnO, Magnetic properties

















Figure III.4: Reciprocal EPR intensity versus temperature of 0.56% Mn-doped ZnO synthesized in
BA.
Cobalt
Cobalt in ZnO present below 100 K two bands with a g-factor value of g‖= 2.25 and
geff⊥ = 4.5 and a corresponding hyperfine coupling value (59Co nucleus, I = 7/2) of
A‖ = 16x10−4 and A⊥ = 3x10−4 cm−1 [81,98,102–104].
For particles synthesized in pure benzyl alcohol and in anisole with traces of benzyl
alcohol a series of EPR spectra was recorded as a function of temperature (Fig.5 and
Fig.6). At room temperature, the samples do not display any resonance. At low tem-
perature (below 100 K) the spectra, for the two type of samples, are dominated by an
intense broad resonance (H = 1500 Gauss, g = 4.46) and a weaker band (H = 3000
Gauss, g = 2.23). The hyperfine structure is resolved for the band at g = 2.23 (Fig.7).
The octet is separated by 15.9 Gauss (A = 14x10−4 cm−1), a value close to the one
found in the literature [98,102]. All these results are indications for a homogeneous sub-
stitutional doping of cobalt in ZnO. However, a deep analysis of the EPR data relies
also on the exclusion of other cobalt species possibly present in the ZnO.
For Co-doped ZnO quantum dots, it was found that interstitial octahedral cobalt give
rise to resonances at geff‖ ∼3 and geff⊥ ∼5 [103]. Such features do not appear in our
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Figure III.5: Temperature-dependent EPR spec-
tra (intensity decreases with increasing temper-
ature) of 0.65% Co-doped ZnO synthesized in
anisole with traces of benzyl alcohol in the tem-
perature range 2.8-70 K.





















Figure III.6: Temperature-dependent EPR spec-
tra (intensity decreases with increasing tempera-
ture) of 3.88% Co-doped ZnO synthesized in pure
BA in the range of temperature 3.7-82.8 K. (in-
set) Spectra collected at T = 100, 150 and 300
K.
spectra. Even though the occurrence of isolated small clusters cannot grant for the
observed ferromagnetic ordering at room temperature (cf. next section), the need to
rule out cobalt clustering stands as the main focus of this study. In particular, the
cobalt oxidation state needs to be enlightened by the study of Co (0) clusters to pre-
clude any metal clustering in the ZnO matrix. There are few examples in the literature
on the use of EPR to fully characterize cobalt based molecular clusters. The study of
[Co6(µ3-S)8(PEt3)6](PF6)] by EPR spectroscopy reveals a fine resonance interpreted by
a g tensor [gx = 2.35, gy = 2.04, gz = 1.95] [105]. Other studies on [Co5MoN(CO)14]2−
and [Co5MoN(CO)14AuPPh3]− show similar results [106]. However, the samples studied
in the present work do not exhibit any resonance at room temperature (inset Fig.6).
Therefore, the EPR data rule out the presence of molecular or metal clusters. For
Co nanoparticles, high-frequency ferromagnetic resonance was reported in the super-
paramagnetic regime as a function of the temperature for particles of 1.5 and 1.9 nm
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Figure III.7: Magnification of the band of g-factor value = 2.25 with in inset the first derivative of the
EPR spectrum recorded at 5 K of 3.88% Co-doped ZnO synthesized in pure BA.
dispersed in polymer [107]. The polymer matrix interacted poorly with the surface of
the particles and the low concentration of clusters prevented the presence of dipo-
lar interactions between neighboring particles, which made easy the interpretation of
the magnetic measurements [74,75,107,108]. The uncorrected values of geff ∼2.38 found
at room temperature were well above the bulk values, 2.06 and 2.18 for fcc and hcp
crystalline structures, respectively. The geff and ∆B increased as the inverse of tem-
perature. At 100 K, the cobalt nanoparticles displayed a resonance centered at geff =
2.6 with ∆B = 1750 Gauss. At 10K, according to the behavior observed between 100
and 298 K, the cobalt clusters would display a resonance centered at geff = 5.5 with
∆B >2000 Gauss. The observed ferromagnetic resonance for the small cobalt clusters
in a matrix is found to be drastically different from the observed one for cobalt doped
ZnO nanoparticles. In the latter case, the g-factor values do not vary with temperature
and the linewidth is ∆B = 80-90 Gauss for all samples, a very low value compared to
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Co clusters. Therefore, the EPR study would preclude as well the occurrence of isolated
cobalt nanoparticles.





















Figure III.8: Reciprocal EPR intensity versus temperature of 0.65% Co doped ZnO synthesized in
anisole with traces of benzyl alcohol (circles) and 3.88% Co doped ZnO in pure benzyl alcohol (squares).
The reciprocal EPR intensity versus temperature is plotted in figure 8. Curie’s Law
predicts that this would be a straight line for isolated paramagnetic Co2+ ions. Samples
synthesized in anisole with only traces of benzyl alcohol do not show any discrepancy
from a Curie’s law (Fig.8 circles). On the contrary, we observe a deviation for samples
synthesized in pure benzyl alcohol in the temperature range 35-40 K (Fig.8 squares),
suggesting that these samples are not paramagnetic. As a matter of fact, Co-doped ZnO
synthesized in trioctylamine which are ferromagnetic, display also a deviation from the
Curie’s law in the same range of temperature [81].
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III.3 Magnetic properties
With the environment of the metal dopant determined and preclusion of any clustering
and/or dopant reduction, we next examined the magnetic properties with a SQUID
magnetometer.
III.3.1 Manganese
In the case of manganese, for all concentrations and all synthesis conditions, the pris-
tine samples never show any deviation from a paramagnetic behavior. The ZFC-FC
measurements show no deviation from Curie’s law (not shown). Figure 9 shows magne-
tization vs. Field (M-H) measurement for a Mn-doped ZnO sample synthesized in pure
BA. The magnetic moment per atom does not saturate and reaches 4 µB/Mn for an
applied field of 5 T. The absence of saturation due to some Mn2+ antiferromagnetically
coupled, as revealed by EPR, could explain the discrepancy between the measurement
and the expected effective moments for Mn2+ (5.92 µB/Mn) and the small coercive
field (1 mT) observed (inset Fig.9).

















Figure III.9: Magnetization versus field loop at 2 K of 0.56% Mn-doped ZnO synthesized in pure
benzyl alcohol.
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III.3.2 Cobalt
The magnetic properties of cobalt doped samples were investigated as a function of Co
concentration and synthesis solvent. Magnetization versus field (M-H) measurements
at 2 K are depicted in figures 10 and 11 for synthesis in different solvent ratio. The
nanoparticles synthesized in BA/anisole (5/95%) do not exhibit magnetic hysteresis
for any concentration (Fig.10). At µ0H = 5.0 T, the magnetization does not saturate
and reaches values from 2.1 to 3.6 µB/Co atom depending on the cobalt concentration.
The maximum is found for 1.16% doping (Fig.10 dashed-line). The Langevin fit gives
an estimated value of MS = 3.6 µB/Co, close to the expected value for isolated Co2+
(3.87 µB/Co). The lower magnetization observed in some samples is probably due to an
antiferromagnetic coupling between a small fraction of Co2+ ions. Samples synthesized
in pure benzyl alcohol (Fig.11) display lowest magnetic moment values at µ0H = 5.0
T with no saturation. The most doped sample has a coercive field of 25 mT (Fig.11
dotted-line).























Figure III.10: Magnetization versus field loops
at 2 K of 0.81% (—), 1.16% (- - -) and 4.09%
(· · ·) Co-doped ZnO synthesized in BA/anisole
(5/95%).





















Figure III.11: Magnetization versus field loops at
2 K of 0.77% (—) and 3.88% (· · ·) Co-doped ZnO
in pure BA.
At room temperature, all samples synthesized in anisole are paramagnetic (Fig.12).
However, the samples synthesized in pure benzyl alcohol exhibit a square loop with a
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coercive field of 17 mT. The magnetic moment per cobalt atom is still reaching the
value of 0.80 µB/Co for an applied field of µ0H = 1.0 T (Fig.13 full-line).

























Figure III.12: Magnetization versus field of
4.09% Co-doped ZnO synthesized in BA/anisole
(5/95%) at 2 K (—) and 300 K (· · ·).

























Figure III.13: Magnetization versus Field of
3.88% Co-doped ZnO synthesized in pure BA at
2 K (—) and 300 K (· · ·).
We have also measured susceptibility versus temperature (ZFC-FC curves) (Fig.14).
The ZFC-FC measurements show no deviation from Curie’s law for nanoparticles syn-
thesized in benzyl alcohol/anisole (5/95%) (Fig.14 full-line and dotted-line). However,
in the case of the synthesis in pure benzyl alcohol, the ZFC-FC curves deviate from
the Curie’s law, as already deduced from EPR measurements. Indeed, for tempera-
tures around 25-30 K the magnetization begins to deviate from paramagnetism, as
determined from a plot of the inverse magnetic susceptibility versus temperature (not
shown). Above this temperature the magnetic moment is stable at a non zero value
(Fig.14 dashed-line and dot-dot-dashed-line). The temperature dependence displays a
behavior typical of the coexistence of ferromagnetic and paramagnetic phases. There-
fore, the magnetic behavior of these nanoparticles can be most reasonably ascribed to
a paramagnetic phase (isolated Co2+) and a ferromagnetic phase (coupled Co2+). The
exchange mechanism remains unclear although the reaction conditions play a key role
on the magnetic properties and in particular on the exchange interaction.
As room-temperature ferromagnetism has been reported for pure ZnO particles [109–112],
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a controlled experiment on pure ZnO was performed to rule out any ferromagnetism
originated from point defects (Fig.15). In this case, the expected diamagnetism is only
compensated at low temperature by a paramagnetism that certainly results from para-
magnetic species absorbed on surface or intrinsic defects [113]. Moreover, the param-
agnetism observed is at least three orders of magnitude lower than in cobalt doped
samples.



























Figure III.14: ZFC-FC susceptibility curves of
0.81% (—) and 4.09% (· · ·) Co-doped ZnO syn-
thesized in BA/anisole (5/95%), 0.77% (- - -) and
3.88% (· · –) Co-doped ZnO synthesized in pure
BA and (inset) the inverse of magnetization for all
samples (pure benzyl alcohol samples have been
corrected from theirs ferromagnetic contribution).
















Figure III.15: ZFC susceptibility curve of pure
ZnO synthesized in benzyl alcohol.
High temperature magnetization studies have been performed on samples synthesized
in pure BA with a Vibrating Sample Magnetometer (VSM). The room temperature
ferromagnetism is persistent up to 900 K and the decreasing of the magnetization with
temperature is sensitive to the cobalt content (Fig.16). The behavior of magnetization
shows a non-Brillouin type temperature dependence, for various cobalt concentrations
which could arise from an intrinsic magnetic effect or from thermal changes in the state
of the sample with annealing temperature. Finally, it is rather intriguing and promising
that the Curie temperature can be so high in an intrinsic DMS system.
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Figure III.16: High temperature magnetization curves of 0.77% (unfilled round) and 3.88% (filled
round) Co-doped ZnO synthesized in pure BA (data are normalized to the magnetic moment at 300
K).
III.3.3 Discussion on the magnetic properties
The ferromagnetism observed for Co-doped samples synthesized in pure benzyl alcohol
appears to be related to the doping of zinc oxide and not to a secondary phase. Indeed,
the only phase that can be responsible for such magnetic behavior would be metallic
cobalt. However, EPR measurements exclude the presence of cobalt clusters or parti-
cles. Furthermore, the magnetic moment obtained at room temperature (0.84 µB/Co)
would imply that half cobalt (48.8%) is present as metallic cobalt (Ms = 1.72 µB/Co
for bulk at RT) [74,114] with a large particle size to achieve the high Curie tempera-
ture found. Such proportion of cobalt should have been detected by another technique
of characterization. In addition, the magnetic properties observed are comparable to
those found when the synthesis is performed in trioctylamine; same doping ion and
temperature dependence. The only discrepancy lies on the spontaneous magnetic mo-
ment per cobalt at room temperature, which seems to be higher in the case of synthesis
in trioctylamine.
In spite of this, for the same cobalt concentration the synthesis in pure benzyl alco-
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hol route leads to a ferromagnetic material unlike the one in benzyl alcohol/anisole
(5/95%). In the other hand, the paramagnetic contribution for each sample is quanti-
tatively related to the cobalt content and not to the solvent (inset Fig.14). The nature
of the solvent is only relevant to the sign of the exchange interaction between the spins;
antiferromagnetic coupling for anisole and ferromagnetic coupling for benzyl alcohol
(cf. TableIII.3). Hence, the solvent plays an important role in the magnetic state and
two hypotheses may arise from this statement. (i) The solvent may act as a reducing
agent; amines and, to a less extent, alcohols are reducing agents. Co (0) is unlikely
to be present as already discussed from EPR measurements. The cobalt would then
be stabilized in two different oxidation states: Co2+ and Co+. Co (I) (valence shell
3d74s1) does not present any paramagnetic resonance due to its spin parity. In this
case the formation of Co+ might mediate the interactions between the Co2+ centers [20].
(ii) On the other hand, benzyl alcohol could also act as strong σ-donor ligand on the
surface. The carrier concentration would then increase from the particles synthesized in
anisole to the ones in pure benzyl alcohol. Some results on nanoparticles have shown the
effect of varying the carrier concentration by chemisorption of various reagents includ-
ing amines, phosphines and sulfonates [115–119]. The chemical manipulation of magnetic
state in ZnO has been claimed to depend only on the carrier concentration. These
results would then be in agreement with the Zener model [1]. Based on the conclusion
of studies presented above, we conducted several thermal treatments in presence of the
solvents used in the synthesis. The samples synthesized by the benzyl alcohol route
were refluxed in anisole for 48 hours in an autoclave. Their magnetic properties at
room temperature are displayed in figure 17. The samples still exhibit a ferromagnetic
behavior with no noticeable change. On the other hand, a sample synthesized follow-
ing the benzyl alcohol/anisole route has been heated in benzyl alcohol at 250 ◦C for
48 hours; the collected material still displays a paramagnetic behavior as shown on
figure 18. Based on these results, we assume that the magnetic properties observed in
our material are not sensitive to the surface state. The observance of ferromagnetism
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appears to be clearly related to the core properties of cobalt doped ZnO nanocrystals.
































Figure III.17: Magnetization versus field at 300 K
of 3.88% Co-doped ZnO synthesized in pure BA
(—) and after thermal treatment in anisole (· · ·)
(data are normalized to the magnetic moment of
pristine sample at µ0H = 5 T).














Figure III.18: ZFC-FC susceptibility curves of
4.09% Co-doped ZnO synthesized in BA/anisole
(5/95%) (—) and after reflux in BA (· · ·).
Solvents Dopants Effective doping(%) Magnetic coupling
BA Co 0.77 Ferromagnetic
BA Co 3.88 Ferromagnetic
BA Mn 0.56 Antiferromagnetic
A/BA (95/5 %) Co 0.81 Antiferromagnetic
A/BA (95/5 %) Co 1.16 Antiferromagnetic
A/BA (95/5 %) Co 4.09 Antiferromagnetic
A/BA (95/5 %) Mn 0.66 Antiferromagnetic
A/BA (95/5 %) Mn 0.86 Antiferromagnetic
A + traces of BA Co 0.65 Antiferromagnetic
Table III.3: Magnetic results for Mn- and Co-doped ZnO.
After the publication of the results presented here [120], another group has reported a
very close work in which Co- and Mn-doped ZnO nanorods were also synthesized using
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benzyl alcohol but with acetylacetonate precursors [121]. They evaluated the successful
incorporation of the dopant in the ZnO matrix by XRD with Rietveld refinement
and EPR. They found relatively the same result, i.e. manganese doping lead to a phase
mainly paramagnetic and the cobalt to ferromagnetism till room temperature. However,
their samples present at 300 K a higher magnetic moment at saturation; Ms = 4.86
emu/g for ∼5% Co-doped ZnO compared to the 2.23 emu/g (0.84 µB/Co) found here
for 3.88% Co-doped sample. Nevertheless, this work confirms the potential of using
non-hydrolytic sol-gel and in particular the benzyl alcohol route to obtain doped oxide
nanostructures.
III.4 Conclusion
In summary, we have synthesized cobalt and manganese doped zinc oxide nanoparticles
using a new solvent directed synthesis. The dopant substitutes onto zinc sites in the
wurtzite lattice uniformly, with no detectable phase impurities or clustering. Mn-doped
nanoparticles display paramagnetism for all temperature range. On the other hand, Co-
doped nanoparticles exhibit a dependence of the magnetic behavior in function of the
solvent used (cf. tableIII.3). When they are synthesized in pure benzyl alcohol they show
a hysteresis effect through a wide temperature range, and display mainly ferromagnetic
behavior. The magnetic moment at room temperature reaches the extremely high value
of 0.8 µB for very low field. The complete EPR and magnetic studies on Co-doped
ZnO allow to ensure that the ferromagnetic behavior is due to Co2+ ions. Finally, the
present work brings new insights on the nature of ferromagnetism in Co-doped ZnO
along with the ability of elaborating very large scale amount of DMS materials without
any inorganic or organic impurity.
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III.5 Experimental details
Diffuse reflectance UV/Visible was performed on Jasco V-560 UV/Vis spectrophotome-
ter. The EPR experiments were performed at X band ∼9.5 GHz on a Brucker ESP300
spectrometer with microwave powers between 0.02 and 200 mW. Temperature stud-
ies from 4.2 to 300 K were carried out using an Oxford gas-flow cryostat. Magnetic
properties were measured using a SuperQuantum Interference Design (SQUID) mag-
netometer MPMS XL7, in the range of temperature 2-350 K and of field 0-5 T. The
temperature-dependent susceptibility was measured using DC procedure. The sample
was cooled to 1.8 K under zero magnetic field, low magnetic field (5-50 mT) was then
applied and data collected from 2 K to 350 K (zero-field cooled, ZFC). Field Cooled
(FC) measurements were performed from 2K to 350K with an applied field during
the cooling. High temperature magnetic measurements were performed on a Vibrat-
ing Sample Magnetometer (VSM) from Maglab Oxford Instrument operating at T =
300-1000K under a field of µ0H = 2 T.
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Chapter IV. Mn-doped ZrO2 IV.1. Introduction
IV.1 Introduction
IV.1.1 ZrO2
Zirconium dioxide, known as zirconia (ZrO2), is a white and hard oxide of zirconium
which possesses three polymorphic forms; the thermodynamically stable monoclinic,
the cubic and tetragonal phases [1]. It has gained substantial interest in complementary
metal oxide semiconductor (CMOS) technology because of its high dielectric permit-
tivity [2]. Moreover, materials based on zirconia display a good thermal, chemical and
mechanical stability and interesting acid-base and redox properties combined with the
advantage of a very low cost. As a consequence, zirconia is one of the leading materials
for industry with applications in catalysis, ceramics and solid oxide fuel cells [3–6]. In
view of applications, the tetragonal and cubic phases are the most suitable. One of the
major challenges is therefore to control and tune the crystallographic phase. In general,
tetragonal and cubic metastable phases are stabilized at room temperature by addition
of several mol% of another cation in the structure. Mainly yttrium but also magne-
sium, calcium, gadolinium, cadmium are used as dopand, their concentration playing
an important role in the stabilization of rather the cubic or tetragonal phase [7–12].
Transition-metal-doped ZrO2 have been widely studied as catalysts [13,14] but, interest-
ingly, they were rarely considered as potential materials for their electronic properties.
Indeed, the study of magnetic properties of zirconia doped with magnetic ions (e.g.
Mn, Co, Fe, etc.) was almost completely neglected. In fact, one study only reported on
the magnetic properties when zirconia was doped with manganese [15].
Recently, the field of transition metal doped oxides was dominated by the quest for
high temperature ferromagnetic diluted magnetic semiconductors (DMS). Most of the
theoretical and experimental studies focused on zinc oxide or gallium nitride as they
were predicted ferromagnetic above room temperature when doped with magnetic ions.
These materials gave rise to further investigation on very large band gap semiconduc-
tors. Materials possessing the characteristic required are scarce. As recently predicted
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by Ostanin et al. [16], doped ZrO2 should be considered as one of the few suitable ma-
terials.
IV.1.2 Theoretical prediction
In their study, Ostanin et al. predicted that cubic zirconia stabilized with several transi-
tion metal ions should be ferromagnetic at room temperature in function of the transi-
tion metal ion and its oxidation state [16]. The figure 1 shows one of the results reported
in their article. This graph presents the Curie temperature as a function of the metal
dopant and its oxidation state (number of extra electrons per magnetic impurity). A
careful reading of the results reveals that for manganese doping it is expected that
zirconia is ferromagnetic for an oxidation state varying from III to IV. Chromium is
also a promising dopant as it should be ferromagnetic for an oxidation state II and III.
Figure IV.1: Curie temperatures of Zr0.75M0.25O2 (M= Cr, Mn, Fe, Co) from frozen-magnon calcula-
tions. The variation of number of extra electrons per magnetic impurity (n) corresponds to modeling
extra doping (n=0 corresponds to the nominal electron number), from ref [16]
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In view of this result, we extended the “benzyl alcohol route” and used the background
acquired with the study of the doping of zinc oxide, to explore this new system. Using
our synthetic approach, we expect that the synthesized particles can be used for an
experimental verification of the theoretical prediction. This is of special interest in view
of recent theoretical investigations aimed at the prediction of new DMS materials.
IV.2 Synthesis and Morphology
IV.2.1 Synthesis
The synthesis of Mn-doped ZrO2 was achieved by the benzyl alcohol route. In the
case of pure zirconia, this approach leads to particles exhibiting a uniformly spherical
morphology with a narrow size distribution which can be produced in multigram-
scale quantities [17–19]. The condensation reaction leading to the formation of oxide is
an ether elimination occurring between zirconium isopropoxide and benzyl alcohol [17].
The same mechanism was previously reported for the formation of HfO2 which is a
material similar to zirconia [20].
Doping of ZrO2 was performed by the addition of a quantity of manganese(II) acetate
or, alternatively, of manganese(III) acetylacetonate to the reaction mixture. In both
cases, pale brown powders were obtained. The doping concentration after synthesis
was monitored by ICP-AES measurements and was found to range from 1 to 5% (cf.
TableVI.1). The effectiveness of the doping is elevated, ranging around 80% for Mn(ac)2
and 90% in the case of Mn(acac)3.
IV.2.2 Morphology
Observation of as-synthesized ZrO2 by TEM reveals particles of highly homogeneous
size and shape (Fig.2), the average diameter of the spherical nanoparticles being 3-4
nm. Upon doping, the particles present a similar shape and size (Fig.4).
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20nm
Figure IV.2: TEM image of pure ZrO2 particles synthesized in BA at 230 ◦C
IV.3 Characterizations
IV.3.1 Matrix characterizations
X-ray diffraction patterns of the pure and doped zirconia particles are displayed in
Figure 3. They show broad diffraction peaks due to the nanometric size of the zirco-
nia crystals. No additional reflections of crystalline impurities are observed even for the
most doped sample. An average particle size of approximately 3-4 nm, as deduced by the
Scherrer formula, is obtained for both pure and doped zirconia particles, in agreement
with TEM observations. As the diffraction peaks are broad, XRD experiments are not
suitable to assign univocally the crystalline structure of the nanoparticles. Indeed, lat-
tice parameters of the cubic (JCPDS [27-997]) and tetragonal phase (JCPDS [17-923])
of zirconia are similar and XRD patterns just differ in a few and very close reflections
(cf. vertical bar Fig.3). However, based on Rietveld refinement it was demonstrated
that this synthesis procedure leads to the cubic phase for pure ZrO2 [17]. Contrary to
the bulk phase, at the nanoscale the cubic or tetragonal structure does not need to be
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stabilized by the addition of another ion [21–26].











Figure IV.3: XRD patterns of a) undoped zirconia, b) zirconia doped with 1.39% of Mn(ac)2, c)
zirconia doped with 1.20% of Mn(acac)3, d) zirconia doped with 4.38% of Mn(ac)2, e) zirconia doped
with 4.85% of Mn(acac)3, theoretical reflection of cubic phase (vertical full line) and tetragonal phase
(vertical dotted line) are specified.
Figure 4 shows overview and high resolution TEM micrographs as well as the power
spectra from single particles in [110] direction. Observing the particles by TEM at high
magnification (Fig.4 B, D), the crystalline particles appear at random orientation on
the supporting carbon film of the TEM grid and show lattice fringes. The distances
and angles between the corresponding lattice planes were abstracted from the Fourier
transformed high resolution images and are in good agreement with the cubic ZrO2
phase, both, for the Mn-doped and the undoped sample. Furthermore, the particles are
monocrystalline in nature and do not present any core default. Because of the small
size of the particles, the precision in the measurement of the lattice spacing from high
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resolution images is limited. Therefore, slight changes in the lattice spacing that might
eventually be induced by the dopant can not be detected.
Figure IV.4: (A) TEM overview image showing an agglomeration of 4.38% Mn-doped ZrO2 doped
particles synthesized from Mn(ac)2, (B) corresponding HRTEM image of a particle in [110] orienta-
tion with the respective power spectrum (inset), (C) TEM image of pure zirconia sample and (D)
corresponding HRTEM picture, showing a single particle in [110] orientation and its power spectrum.
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IV.3.2 Dopant environment
EELS
In order to investigate the distribution of manganese, electron energy loss spectrometry
(EELS) was applied. EELS is a very sensitive technique and perfectly suitable for
analyzing the chemical composition of materials at the nanometer scale. EELS spectra
recorded in the energy range covering the oxygen K edge at around 530 eV and the
manganese L2,3 edges at 638 eV (L3) and 649 eV (L2), respectively, are presented
in Figure 5. The spectra were recorded from sample III (high doping) at different
regions, containing varying numbers of particles in order to draw conclusions about
the homogeneity of the Mn distribution (Fig.5, A-C). In all presented spectra, the
background was removed and zero-loss deconvolution for the removal of intensity due
to plural inelastic scattering was performed. A clear manganese L2,3 edge is visible in
all the obtained spectra, although, according to the ICP-AE measurements, only 4.38%
of the zirconium atoms were replaced by manganese. In general, the relative intensities
of the Mn L2 and L3 edges and their integrated intensities are a sensible measure for
the manganese oxidation state and its quantity [27], in the present case, the low amount
of Mn in combination with the small particle size result in a bad signal to noise ratio
preventing a precise determination of these quantities.
Besides the low signal to noise ratios, also the background removal and deconvolution
are responsible for most of the observed differences in the spectra. This is due to
the fact that both, background subtraction and zero-loss deconvolution were done for
spectra that were recorded under non ideal conditions, i.e. from regions containing
inhomogeneous distributions of particles. Nevertheless, based on the presence of the
manganese L2,3 edges in all spectra, independently of the amount of particles from which
the signal was recorded, a homogeneous distribution of manganese in the particles is
concluded.
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Figure IV.5: EELS spectra recorded from different agglomerations of particles (A), (B) and (C).
The TEM images show the amount of particles that have contributed to each spectrum. Scale bars
correspond to 50nm, 10nm and 10nm for A, B and C, respectively.
EPR
The local environment and oxidation state of the Mn ions was probed on powder sam-
ples with electron paramagnetic resonance (EPR), which provides information about
the oxidation state, the local symmetry and the spin-spin interactions. EPR is a sen-
sitive probe and has previously been used for the investigation of local environment
of stabilizing ions in zirconia [28–30] and of transition metal impurities on surfaces or in
dilute solid solutions [10,31–33].
In zirconia, the manganese ions can exist or co-exist in three different oxidation states
(II, III and IV). Mn2+ and Mn4+ show similar, but discernable resonances, whereas
the Mn3+ ion is EPR “silent” [32]. The lack of signals for Mn3+ is due to the large value
of the zero-field splitting, occurring for most of the local environments (i.e. crystal
fields), which shift the EPR signal out of the energy regime of conventional X-band
spectrometers [34].
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Figure IV.6: Temperature-dependent EPR spec-
tra (intensity decreases with increasing tempera-
ture, T = 100, 150, 200, 250 and 300 K) of 1.20%
Mn-doped ZrO2 synthesized from Mn(acac)3 pre-
cursor.









Figure IV.7: First derivative of the spectrum in
figure 6 collected at T = 300 K.
Figure 6 shows EPR spectra recorded from 300 K down to 100 K for the most di-
luted sample synthesized from Mn(acac)3 precursor. They are characteristic of spectra
recorded for the different types of samples, that is, whatever the precursor used or its
quantity. The EPR spectra display two contributions centered at g = 2.020 (Fig.6): (i)
a broad resonance resulting from magnetic interactions of Mn ions and (ii) a sextuplet
from isolated spins. The observed hyperfine splitting (Fig.7) of 86 Gauss (A = 80x10−4
cm−1) corresponds to the usual values for Mn2+ in cubic zirconia [32,33]. The g factor of
Mn2+ (3d5, g0 = 2.00) and Mn4+ (3d3, g0 = 1.98) are very close to each other. However,
the hyperfine value is usually found to be lower in the case of Mn4+ (a = 78 Gauss, A
= 72x10−4 cm−1) and allows to distinguish the two oxidation states. Therefore, taking
into account the g-factor and the hyperfine values, the EPR signal is then assumed to
be mainly dominated by the contribution of Mn2+. This analysis is in agreement with
a previous study where EPR analysis revealed that Mn2+ and Mn3+ can be introduced
in cubic zirconia and not Mn4+ [32]. In a set of experiments, the temperature was var-
ied from 300 K down to 100 K. No change in the spectrum, except for an increase of
the signal amplitude, was observed (Fig.6). The absence of linewidth broadening with
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temperature implies a lack of spin correlation, i.e. the lack of a magnetic order. Figure
8 presents a typical spectrum obtained for the highly doped samples. Surprisingly, the
sextuplet characteristic of isolated ions is still present. In general, with an increase of
the dopant concentration the signal appears as a single broad band due to exchanges
between interacting neighboring manganese.









Figure IV.8: EPR spectrum recorded at room temperature for 4.85% Mn-doped ZrO2 synthesized
from Mn(acac)3 precursor.
A manganese salt (manganese(II)acetate, hydrated) diluted in a matrix and Mn-doped
ZnO sample were used as references to perform quantitative EPR analysis. Mn-doped
zinc oxide is a suitable reference as it is a DMS itself which contains Mn in a 2+
oxidation state [35]. The nominal content of Mn2+ in ZrO2 was evaluated from the double
integral of the respective EPR signals after a baseline correction. In all cases, the
amount of Mn2+ was found to be lower than the manganese total concentration derived
from ICP measurements. The amount of Mn3+ was therefore deduced by a simple
subtraction (cf. Table IV.1).
A first order analysis of the data therefore reveals the presence of manganese in two
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oxidation states (II and III). An interesting point is the relation between the man-
ganese concentration and its oxidation state. For the most diluted samples, the Mn(II)
is predominant, independently of the oxidation state of the precursor used (Table IV.1).
From this it follows that for the highly diluted samples each Mn atom in the zirconia
matrix should be associated to one oxygen vacancy. An increase of the Mn concentra-
tion from 1 to 5 atomic % leads to a decrease of the paramagnetic signal. This can
be attributed to the oxidation of some Mn(II) towards the EPR silent Mn(III). The
estimated Mn(III) content is larger than that of the Mn(II) for the most concentrated
samples (Table IV.1). In order to confirm this hypothesis, a technique suitable for the
characterization of the Mn oxidation state, such as XPS, should be used.
Mn precursor %Mn (ICP-AES) % Mn2+ (EPR) % Mn3+ (EPR) Msat (µB/Mn)
Mn(acac)3 1.20 69±2 31±2 4.33
Mn(ac)2 1.39 61±2 39±2 4.27
Mn(ac)2 4.38 9±2 91±2 3.55
Mn(acac)3 4.85 8±2 92±2 3.40
Table IV.1: Dopant concentration, oxidation state and magnetic moment of Mn-doped ZrO2 samples.
Magnetic moments at saturation (Msat) were determined from a Langevin fit of the magnetization
curves.
IV.4 Magnetism
After providing evidence on the homogeneity of doping and the absence of any sec-
ondary phase, the magnetic properties of the DMS can now be safely discussed. The
magnetic measurements were performed at low and high field as a function of man-
ganese concentration and oxidation state of the metal-organic precursor used. The
susceptibility was investigated using a zero field cooled/field cooled routine at low field
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(µ0H = 5.0 mT). Figures 9 and 10 show the results for two different Mn concentrations.
The susceptibility is plotted as both a function of temperature and, in the inset, as a
function of inverse temperature. All samples display a paramagnetic behavior. For the
more diluted sample (1.20% of Mn from Mn(acac)3, Fig.9), the inverse of susceptibility
follows a Curie’s law with a parameter C = 8.85 10−4 emu.K/gMn and a Curie-Weiss
temperature of θ = -0.4 +/- 0.2 K. For a sample with the higher Mn concentration
(4.38% of Mn from Mn(ac)2, Fig.10), the same parameters reach the values of C =
1.16 10−3 emu.K/gMn and θ = -50 +/- 2 K, respectively. From the Curie constants,
the spontaneous moment per Mn atom can be determined at MS = 4.4(1) and 3.8(1)
µB/Mn, respectively.



























Figure IV.9: ZFC/FC curves measured in a field
of 50 Oe for a diluted sample from Mn(acac)3
with 1.20% of Mn (inset shows the inverse of the
susceptibility and a linear fit).

























Figure IV.10: ZFC/FC curves measured in a field
of 50 Oe for a concentrated sample from Mn(ac)2
with 4.38% of Mn (inset shows the inverse of the
susceptibility and a linear fit).
As the samples showed a pure paramagnetic behavior at room temperature, additional
high field measurements M(H) were performed at low temperature (T = 2 K). The
results are plotted in Bohr magnetons per manganese atom (µB/Mn) for the samples
synthesized from Mn(acac)3 and Mn(ac)2 in Figure 11 and 12, respectively. All doped
samples display a hysteresis. The coercive field reaches 1.7 mT for the 4.38% Mn-doped
sample and 0.4 mT for the 1.39% Mn-doped sample. The observed hysteresis results
from antiferromagnetic coupling between the manganese atoms. At high field (µ0H =
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5 T), the magnetic moment per atom reaches 3.90 µB/Mn and 3.68 µB/Mn for the
most diluted samples (1.20 and 1.39% of Mn, respectively) and 2.80 µB/Mn and 2.74
µB/Mn for the most concentrated ones (4.38 and 4.85% of manganese, respectively).
As a general trend, the magnetization does not reach saturation even at an applied
field of 5 T. The magnetic moments at saturation determined from the fitting of the
experimental curves with a Langevin function (cf. Table IV.1) are very close to the
values determined from Curie constants obtained from susceptibility measurements
(up to 4.4 µB/Mn for the most diluted sample).
The high magnetization of diluted samples is clearly an evidence for the presence of
a majority of manganese in a low oxidation state (Mn2+, 3d5 or Mn3+, 3d4). In the
case of more concentrated samples, the magnetization does not allow any conclusion
as the values are lower than expected for any oxidation state. The expected effective
moments are: Mn2+ (5.92 µB), Mn3+ (4.90 µB) and Mn4+ (3.87 µB). This result there-
fore supports the hypothesis of a coexistence of different manganese oxidation states
in the zirconium matrix.




















Figure IV.11: Hysteresis loops at T = 2 K for
samples from Mn(acac)3 with 1.20% of Mn (—)
and 4.85% of Mn (· · ·).




















Figure IV.12: Hysteresis loops at T = 2 K for
samples from Mn(ac)2 with 1.39% of Mn (—)
and 4.38% of Mn (· · ·).
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The low field and high field magnetic measurements provide clear evidence for a para-
magnetic behavior with antiferromagnetic interactions that increase with the dopant
concentrations from ∼1% to ∼5%. The manganese oxidation state is difficult to de-
termine from the collected magnetic data. A purely Mn4+ or Mn3+ dopant state was
already excluded based on the EPR measurements. Interestingly, the observed mag-
netic properties are not sensitive to the nature of the molecular source of manganese,
i.e. Mn(ac)2 or Mn(acac)3. This surprising result may be related to the synthetic route.
It was already shown that the synthesis of Mn oxides by the “benzyl alcohol route” al-
ways leads to the formation of a secondary phase which is MnO for the case of Mn3O4
and vice-versa [36]. In our case the presence of Mn2+ in the samples synthesized from
Mn(acac)3 can be explained by the soft reducing power of the benzyl alcohol. Fur-
thermore, from quantitative EPR measurements and the derived magnetic moment,
it follows that Mn2+ is not the only species obtained from the Mn(ac)2 precursor. As
each Mn2+ diluted in zirconia requires the generation of one oxygen vacancy, man-
ganese at higher oxidation state is more likely to substitute a zirconium atom for large
concentrations.
IV.5 Conclusions
In the search for high temperature ferromagnetic diluted magnetic semiconductors zir-
conia doped with up to 5% of manganese was synthesized by the “benzyl alcohol route”.
The synthetic approach led to the formation of homogeneously doped single crystalline
nanoparticles of 3-4 nm in diameter. As a positive side effect of the nanoscale, the cubic
structure does not need to be stabilized by the addition of another cation. The envi-
ronment of the manganese diluted into the zirconia matrix was probed by EPR. It was
found that Mn(II) and Mn(III) coexist and that their ratio depends only on the man-
ganese concentration. Magnetic measurements show mainly a paramagnetic behavior
of the diluted spins in the matrix. For larger Mn concentration, a small amount of an-
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tiferromagnetic interactions is found. The ferromagnetism predicted by the theoretical
work of Ostanin et al. [16] was not found even at low temperature. This can be explained
by the low oxidation state of the manganese which, in our case, was estimated to be
between (II) and (III). In fact, a larger oxidation state is more likely to give rise to fer-
romagnetic interactions [16]. Furthermore, the same theoretical study predicts that the
Curie temperature increases with the concentration of manganese. In order to confirm
or refute the theoretical results, a careful control of the manganese oxidation state and
of the amount of oxygen vacancies, as well an increase of the manganese concentration
is required.
Perspective of the work
The continuation of this work has been entrusted to another PhD student. The working
plan followed was: (i) The synthesis of highly doped zirconia as a ferromagnetic behavior
is expected upon increasing the concentration. (ii) The control of the oxidation state
of manganese by post annealing in different atmospheres and by chemical oxidations
have been tested in order to enhance higher oxidation states. (iii) Chromium is also
a promising dopant as it should give ferromagnetic for an oxidation state (II) and
(III). Similar approach for the synthesis and the characterization of Cr-doped ZrO2
has been developed. (iv) Hafnia (HfO2), which has been recently predicted to give
rise to ferromagnetism at room temperature [37], has been explored. As zirconia and
hafnia have very similar physical, chemical and structural properties, their joint study
might permit to elucidate the matrix effect on the magnetic properties. Furthermore,
as for zirconia, 3-5 nm nanoparticles of hafnia [20] can be synthesized by the “benzyl
alcohol route”and up to now their doping was not investigated. (v) For all materials,
the magnetic data have been compared to the theoretical study [16,37] and discussed also
together with the group of theoreticians, in order to gain a better understanding of the
origin of ferromagnetism in diluted magnetic semiconductors.
What appears from this study is that the largest effective doping concentration was ob-
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tained for HfO2 from Mn(acac)3 (17% Mn). From post-synthetic annealing treatments
under controlled atmospheres, it turned out that it is a rather delicate step as post-
synthetic annealing can induce segregation and clustering at relatively low temperature
(i.e., above 600-700 ◦C), as well as phase transformations. So, the annealing has to be
performed below 650 ◦C to preserve the nanocrystals size and the crystallographic
structure. Magnetic measurements reveal three different behaviors. (i) a paramagnetic
state for ZrO2- and HfO2-doped samples for all studied transition metal contents, (ii)
clustering of ferromagnetic Mn3O4 in the case of Mn-doped samples after calcination,
(iii) a ferromagnetic phase below 43 K for calcined Cr-doped ZrO2, which has been
attributed to the intrinsic DMS behavior. The detailed results can be found in ref [38].
Further EXAFS experiments are currently conducted in order to investigate the local
atomic environment, oxidation state and coordination and to obtain a complete and
comprehensive picture on the origin of the observed magnetism.
IV.6 Experimental part
Synthesis
Zirconium(IV) isopropoxide isopropanol complex 99.9%, Manganese(II) acetate 98%,
Manganese(III) acetylacetonate and benzyl alcohol 99%, were purchased from Aldrich,
stored in a glovebox and used as received. All the syntheses were performed in a glove
box. In a typical reaction, a Teflon cup of 45 ml inner volume was filled with 1.29
mmol of Zirconium(IV) isopropoxide isopropanol complex, 20 ml of benzyl alcohol
and an adequate quantity of dopand. The cup was slide into a steel autoclave, sealed,
removed from the glove box and then heated at 230 ◦C for 2 days in a furnace. The
resulting suspensions were centrifuged and the resulting precipitates were meticulously
washed with ethanol and acetone and afterwards dried in air at 80 ◦C. The reaction
produced nanocrystals with a yield greater that 80%, as a white powder for pure ZrO2
or slightly brown when Mn(II) and Mn(III) doping were added.
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Experimental details
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) was realized in
the Analytical Laboratories of University of Aveiro. Transmission electron microscopy
(TEM) was carried out on a Hitachi H-9000 microscope operating at 300 kV, high reso-
lution microscopy and EELS measurements were performed on a CM200FEG (Philips)
microscope, operated at 200 kV and equipped with a field emission gun. The X-ray
powder diffraction (XRD) data were collected on an X’Pert MPD Philips diffractome-
ter (CuKα X-radiation at 40 kV and 50 mA). Samples were prepared by depositing a
drop of a suspension of particles in ethanol on a copper grid coated with an amorphous
carbon film. The EPR experiments were performed at X band ∼9.5 GHz on a Brucker
ESP300 spectrometer with microwave powers between 0.02 and 200 mW. Temperature
studies from 6 to 300 K were carried out using an Oxford gas-flow cryostat. Magnetic
properties were measured using a SuperQuantum Interference Design (SQUID) mag-
netometer MPMS XL7, in the range of temperature 2-350 K and of field 0-5 T. The
temperature-dependent susceptibility was measured using DC procedure. The sample
was cooled to 2 K under zero magnetic field, a low magnetic field (5 mT) was then
applied and the data collected from 2 K to 350 K (zero-field cooled, ZFC). Field Cooled
(FC) measurements were performed from 2 K to 350 K with an applied field during
the cooling.
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Chapter V. Magnetic Hetero-Structures V.1. Introduction
V.1 Introduction
In the previous chapters, we intended to develop a synthetic route towards homoge-
neous multifunctional materials. The DMS combine semi-conducting, ferromagnetic
and even optical properties arising from the same material. Multifunctional magnetic
materials can also be obtained through the elaboration of hetero-structures [1–4]. This is
another strategy to combine multiple properties and functionalities in a material. For
example, ferromagnetic nanoparticles surrounded by an insulating layer can display
magneto-resistive properties [5,6]. As well, composites of ferroelectric or piezoelectric
and ferromagnetic oxides have led to multiferroic materials [7,8]. The hetero-structures
studied during this work are magnetic nanoparticles of cobalt ferrite (CoFe2O4) dis-
tributed into a semiconducting and dielectric material, namely ZnO or TiO2. Cobalt
ferrite is a well-known hard magnetic material, which has been studied in detail due to
its high coercivity and moderate saturation magnetization (about 80 emu/g) as well
as its remarkable chemical stability and mechanical hardness [4,9]. Homogeneous parti-
cles can be easily synthesized by thermal decomposition in the presence of stabilizing
ligands [4,10–12]. ZnO and TiO2 are piezoelectric and dielectric wide band gap semicon-
ductors, respectively. We have previously established a new process for the deposition
of TiO2 by Atomic Layer Deposition [13]. This research is composed of four distinct
steps/challenges:
(i) synthesis of uniform magnetic nanoparticles,
(ii) deposition of the particles as a film on substrate,
(iii) covering of the particles by an oxide matrix,
(iV) characterization of the obtained assembly.
The aim of this study is the investigation of the properties of the different phases
and most importantly, the interaction between the nanoparticles and the matrix and
between the particles through the oxide host. The deposition of the solution phase pro-
cessed magnetic nanocrystals will be attempted through Langmuir-Blodgett (LB) film
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formation. LB is a room temperature deposition process that may be used to deposit
monolayer and multilayer films of materials, either molecular or nanoscale, to form Self
Assembled Monolayers (SAMs) [4,14–19]. The deposition of the oxide matrix will be made
using an Atomic Layer Deposition (ALD) process, which permits a complete and ho-
mogemeous coating of the particles [20,21]. These two methods permit the manipulation
of molecules/particles on the nanometer scale, thereby allowing intriguing superlat-
ticed architectures to be assembled. The properties of the different phases, as well as
the interaction between the particles and the film or between the particles through the
film will be carefully studied.
V.2 CoFe2O4 particles
V.2.1 Synthesis
The synthesis of cobalt ferrite consists in the thermal decomposition at high temper-
ature of metal oleates in the presence of surfactant such as oleic acid. This procedure
has already been successfully used to synthesize homogeneous oxide nanoparticles such
as Fe3O4, cobalt ferrite, CoO, MnO [10,22–25], with an accurate control of the size. Tem-
perature, concentration of surfactant and synthesis duration are the key parameters
that dictate the size of the particles [22]. Furthermore, the complexation state of the
oleate precursors slightly influences the size, shape and homogeneity of the particles as
it changes the decomposition temperature of the oleate complex [26].
Taking into account all these parameters, we developed a synthesis to obtain 10 nm
particles. The precursors used, Co(oleate)2 and Fe(oleate)3, were prepared from their
chloride counterpart by reaction with sodium oleate. A molecular ratio of 1:1 between
the surfactant (oleic acid) and the precursors was used and the reaction was performed
at 300 ◦C for one hour. A particle size of 10 nm was chosen because it is a good
compromise between a size small enough to permit a good covering by ALD and a
size large enough to obtain a ferromagnetic behavior at room temperature, i.e. a high
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blocking temperature. After synthesis, the surface of the particles is covered by a certain
amount of surfactant and even after meticulous washing the particles are obtained as
a waxy brown solid.
V.2.2 Characterizations
TEM observations reveal spherical particles of around 8-10 nm, homogeneous in shape
and with a narrow size distribution (Fig.1). High magnification shows that the particles
are monocrystalline and randomly oriented on the TEM grid. A high resolution TEM
image of a particle oriented along the [1-1-2] direction is presented in figure 1 (top
right). Its corresponding power spectrum (Fig.1 bottom right) can be indexed to the
cubic spinel structure of CoFe2O4 (JCPDS Card No 22-1086). The composition of the
nanoparticles was verified by EDX recorded in the TEM. For the conditions of synthesis
used, the ratio of Co/Fe appears to be exactly one Co for two Fe (Fig.2).
Figure V.1: High resolution TEM of a set of particles of cobalt ferrite. Top right : a particle showing
clear lattice fringes. Bottom right: power spectrum of the particles displayed above.
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Fe Element Atomic %
Fe K 67.79
Co K 32.21
Figure V.2: EDX spectrum taken from a collection of particles, (inset) atomic percent of Fe and Co
in the particles.
V.2.3 Magnetic properties
The magnetic properties of the waxy powder were studied using a SQUID magne-
tometer by current (dc) and alternating current (ac) modes. The susceptibility versus
temperature plot, using the zero-field cooling (ZFC) and field cooling (FC) procedures
between 2 and 350 K, shows that the material is magnetic until room temperature (the
blocking temperature (TB) is just above 300 K) (Fig.3). The separation of the ZFC
and FC curves happens very close to the maxima of the ZFC curve (i.e. the blocking
temperature) indicating that the particles are homogeneous in size. The anisotropy
constant K estimated by the relation: K ≈ 25 x kB x TB / 〈V 〉, where kB is the Boltz-
mann constant and 〈V 〉 the means volume of particles, is about 2.80 x 105 J/m3 (2.80
x 106 erg/cm3). This value is consistent with the value for bulk cobalt ferrite (1.8 to
3.0 x 106 erg/cm3) [27–29].
Magnetization versus field measurements are plotted in figure 4. At 2K the magnetiza-
tion does not saturated with an applied field of µ0H = 5.0 T and reaches the value of 28
emu/g. The magnetization at saturation for bulk cobalt ferrite is ∼90 emu/g [9]. The to-
tal magnetic moment of a magnetic single-domain nanoparticle (i.e. the magnetization
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at saturation extracted from M-H experiments) should be, in principle, directly pro-
portional to the number of magnetic atoms in the particle. However, the magnetization
at saturation measured for nanoparticles is often lower than expected [9,30,31,31–33]. This
is principally due to two reasons in the case of oxides: i) the reduction of the particle
size results in a large amount of magnetic atoms on the surface of the particle. These
atoms have fewer nearest neighbors to which they can interact. Therefore, it is more
likely that their moment become randomly oriented at the surface (spin-canting) and
that higher applied fields are needed to align them parallel to it. ii) Moreover, when
the syntheses are performed in the presence of surfactants a large amount of organic
species are present at the particle surface and can contribute to 30% or more of the
total weight of the sample [34]. Therefore, the magnetization is artificially lowered by
the weight fraction of these impurities. At 2 K the particles show a very high coercivity
of 1.8 T and a ratio of the remanent to saturation magnetizations (Mr/Ms) of 0.7, as
expected for 8-10 nm particles [32,35,36]. The coercivity decreases rapidly while increasing
the temperature (0.33 T at 150 K and 4.5 mT at 300 K) but the magnetization remains
relatively constant (Fig.4).
















Figure V.3: ZFC-FC susceptibility curves of
cobalt ferrite nanoparticles powder with an ap-
plied field of 500 Oe.
















Figure V.4: Magnetization versus field loops at 2
K (· · ·), 150 K (- - -) and 300 K (—) for cobalt
ferrite nanoparticles powder.
The superparamagnetic behavior of the particles was further investigated by alternat-
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ing current (ac) susceptibility measurements made in a zero external field with different
frequencies ranging from 10 to 1000 Hz. The temperature dependence of the in-phase
(χ’) and out-of-phase (χ”) components is plotted in figure 5. Both χ’ and χ” responses
shift towards higher temperature when the frequency increases. The frequency depen-
dence of the peaks of χ” susceptibility can be analyzed by the Arrhenius law, τ = τ 0
exp(∆E/kBT) in which ∆E is the average energy barrier and is given by ∆E = KV
(K being the anisotropy energy constant and V the particle volume). Although the
pre-exponential factor τ 0 can be determined from the line in figure 6, its value does
not stand for an isolated nanocrystal as the system is not diluted and the particles are
in interaction. Nevertheless, ∆E was estimated and the anisotropy constant calculated
was 4.85 x 105 J/m3. This value is slightly higher that the one extracted from the
ZFC/FC curves but of the same order of magnitude.
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  99.9 Hz
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Figure V.5: Temperature dependence of the in-phase (χ’) and out-of-phase (χ”) components of the ac
susceptibility of cobalt ferrite particles powder.
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Figure V.6: Thermal variation of the relaxation time according to the Arrhenius law from temperature
dependence of the maxima of (χ”) component curves (Fig.5).
V.3 Films of particles
V.3.1 Deposition and characterizations
The Langmuir-Blodgett technique was used to deposit film of particles on silicon wafers
or glass substrates by dip-coating in a LB cell. For this purpose, a stable dispersion of
the particles in a highly volatile solvent was prepared. After synthesis and meticulous
washing, the particles were dispersed in the minimum amount of chloroform and the
resulting dispersion passed through a PTFE filter to remove any dusts, aggregated
particles or precipitates. Some drops of the dispersion were then spread onto water of
a Langmuir trough. The surfactant that remains after synthesis at the surface of the
particles, allows obtaining a floating Langmuir monolayer at the air/water interface
without further surface modification of the particles. After spreading the dispersion
and evaporation of the solvent, the film was compressed (rate of compression was 5
mm/min) by two mobile barriers to ensure a symmetrical compression. By closing
the barriers (decrease of the water area), the particles pass from an uncompressed
state (large distance between particles) to “liquid”and “solid”phases in which the par-
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ticles come closer until they are orderly packed. These phenomena can be followed
by recording the pressure at the water/air interface. Figure 7 presents the obtained
pressure-area isotherm for our particles (surface pressure versus water surface area).
It presents a plateau at very low-pressure immediately followed by a rapid pressure
increase until 50 mN/m with some discontinuities. Even for low water surface area,
the pressure analysis gave no evidence of collapsing (no decrease of the pressure) of
the particle film into three-dimensional structures. However, we observed cracks and
wrinkling of the film at the surface of the water, after a pressure of 20 mN/m.




















Figure V.7: Surface pressure versus surface area
isotherm obtained on spreading oleic acid coated
CoFe2O4 nanoparticles on water surface.





























 Nbr of dipping cycle
Figure V.8: Part of the isotherm where the dip-
ping is performed. Inset: Transfer ratio vs. dip-
ping cycles (position down and up of the dipper).
As the film has to be rigid enough to be transferred onto the substrates, the deposi-
tions were made at a constant pressure of 15 mN/m (Fig.8). Films were transferred
onto silicon or glass by dipping the substrates through the monolayer upward (rate
of vertical transfer was 3 mm/min). While normally the direction of dipping is dic-
tated by the hydrophobicity of the substrate/particles, we do not observed difference
between Si substrate, with and without SiO2 native layer, and glass. The transfer ratio
(ratio between the decrease in monolayer area during a deposition and the area of the
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substrate) is high and, up to 4 layers can be deposited with the same Langmuir film
(Fig.8 inset).
In order to study the effect of the magnetic particles coverage, mono- bi- and tri-layer
films were prepared. The successful deposition of multilayers films was monitored by
UV-visible spectroscopy on the glass-deposited samples. From the linear increase of the
absorbance versus the number of dipping cycles (Fig.9 inset), it appears that for each
layer the same amount of materials is deposited.
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Figure V.9: UV-Visible of cobalt ferrite particles films deposited onto glass substrates, for 1 (—), 2
(- - -), 4 (· · ·), 6 (· –) and 11 (· · –) layers. The curves were corrected for the contribution of the glass
substrate. Inset: absorbance at 300 nm in function of the number of layer deposited.
SEM pictures of a single layer deposited on silicon wafer are shown in figure 10. The
particles are organized in chains and form interdigitated islands. The formed domains
are homogenous over several hundred nanometers. Furthermore, it is clear from SEM
images that only one layer has been transferred on the substrate.
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2µm 1 µm
150 nm500 nm
Figure V.10: SEM images at different magnifications of a monolayer film of CoFe2O4 nanoparticles
deposited on Si substrate.
V.3.2 Calcinations and characterizations
In order to remove the surfactant from the surface of the particles, we have performed
post-deposition calcination. Oleic acid is usually strongly grafted at the surface of
nanoparticles and high temperature is needed for its complete removal. For example, a
temperature of 400 ◦C in vacuum is needed to eliminate oleic acid at the surface of Co
metal and 600 ◦C in N2 atmosphere for oleic acid coated cobalt ferrite [37,38]. However, a
temperature superior to 400 ◦C or a long calcination time leads to the shrinking of the
film and segregation of the particles (Fig.11). To overcome this problem, rapid thermal
annealing was used to perform short time calcination under controlled atmosphere
(vacuum and O2). Different conditions were tested and infrared spectroscopy used to
examine the removal of the oleic acid (Fig.12). An annealing of 2 min at 400 ◦C (slope
of 47 ◦C/s) in vacuum or O2 was not sufficient for a complete elimination (Fig.12 dot-
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dot-dashed and dot-dashed lines) neither when, in the same condition, vacuum and O2
were used successively (Fig.12 solid-line). In fact, the use of higher temperature (450
◦C) or a slower heating slope (1.3 ◦C/s) is needed (Fig.12 doted-line and dashed-line,
respectively). Since a temperature of 450 ◦C induced aggregation of the particles, the
films that have been used in the following studies were calcined at 400 ◦C with a slow
heating slope.
Figure V.11: SEM images of a monolayer film of particles calcined under non-ideal condition (15 min
at 380 ◦C).
SEM images, taken before (Fig.13 A-B) and after (Fig.13 C-D) annealing, illustrate
the effect of the calcination on the film. In the annealing condition used, the film does
not shrink and the particles are not aggregated. On the contrary, the film seems to be
more homogenous forming micrometers long areas.
V.3.3 Magnetic properties
The magnetic properties of films of nanoparticles deposited on silicon wafers and glass
substrates are presented in figure 14-15 and 16-17, respectively. Zero-field cooled - field-
cooled (ZFC-FC) measurements (susceptibility versus temperature) made on samples
deposited on silicon substrate (Fig.14) show that, like the powder, the films are ferri-
magnetic until 300 K. Furthermore, the difference of susceptibility between the ZFC
and FC curves is twice as large for the film made of two layers of particles (Fig.14 cir-
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Figure V.12: IR spectra of monolayer film deposited on glass substrate and calcined at 400 ◦C (heating
slope of 47 ◦C/s) under vacuum (· · –), under oxygen (· –), under successive vacuum and O2 (—),
annealed at 450 ◦C in vacuum then oxygen (· · ·) and at 400 ◦C with a heating slope of 1.3 ◦C/s (- - -).
Grey curves are spectra of pristine sample (- - -) and glass substrate (—), respectively.
cles) compared to the one composed of a monolayer only (Fig.14 squares), confirming
the successful deposition of multilayer. When the films are annealed, we observed a
slight decrease of the susceptibility, but the gap between the ZFC-FC curves remains
constant (Fig.14 triangles).
In the case of films of particles deposited on glass substrate (Fig.16), the ZFC-FC curves
are dominated by the paramagnetism coming from impurities of the glass. However,
here again the susceptibility shows a dependence of the number of layers deposited
(Fig.16 inset).
The magnetization versus field measurements display, for all samples deposited on Si
wafer (Fig.15), a weak hysteresis at very low field that is compensated at high field
by the diamagnetism of the substrates. The magnetization versus field (M-H) mea-
surements at 2 K, for the samples deposited on glass substrates, show hysteresis loops
(Fig.17). The magnetizations at saturation and coercitive fields decrease while increas-
ing the number of layers. Surprisingly, the hystereses are not centered on zero and are
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Figure V.13: SEM images of a CoFe2O4 nanoparticles film deposited on Si substrate, A and B before
calcination, C and D after calcination with a slow heating slope at 400 ◦C under vacuum and oxygen.
inverted, i.e. clockwise loops. This effect, already observed for 2D layers, has been at-
tributed to dipolar interactions between blocked and superparamagnetic nanoparticles
in the literature [39], the reversal of superparamagnetic nanoparticles is prevented in the
vicinity of blocked nanoparticles, the dipolar field being larger than the external field.
Nevertheless, in the present study the effect was observed at very low temperature (T
= 2 K) where all particle are assumed to be in the blocked state, the observed behavior
is more probably attributable to the non-zero magnetic state of the films. The large
anisotropy and size of the particles leads to a non randomly dispersed state for the
particles. This non random distribution of the anisotropy easy axes could explain the
observed hysteresis, even if a detailed simulation is needed to accredit this assumption.
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Figure V.14: Susceptibility versus temperature
for films of particles on Si substrate composed
of 2 layers (circles), 1 layer (squares) and 1 layer
after calcination (triangles), (stars) Si substrate
only.












Figure V.15: Magnetization versus field at 2 K
for bi-layer film (—), monolayer film (· · ·) and
calcined bilayer film (· –) and at 300 K for bi-
layer film (- - -).



























Figure V.16: Magnetization versus temperature
for films of 1 layer (squares), 2 layers (stars) and
3 layers (circles) of particles on glass substrate.

















Figure V.17: Magnetization versus field at 2 K
for 1 layer (—), 2 layers (- - -) and 3 layers (· · ·)
films of particles deposited on glass substrate.
V.4 Deposition of the oxide film
V.4.1 Deposition
The deposition of the oxide matrixes has been made using an atomic layer deposition
process. This technique permits a whole and homogeneous coating of the particles.
Zinc oxide films were made in collaboration with the group of Dr. Mato Knez (Max
Planck Institute of Microstructure Physics, Halle, Germany). Using a low temperature
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process based on the reaction of diethylzinc and water [40], 20, 50 and 100 nm of ZnO
were deposited on mono and bi-layer films. To deposit TiO2, we employed a method
that was developed in our group. The process is based on the reaction of a carboxylic
acid with a metal alkoxide. The advantages of this method are mainly due to the new
chemistry taking place during the metal oxide thin film formation such as: (i) the metal
oxide network takes place without the formation of intermediate hydroxyl groups under
the elimination of an organic ester. (ii) A real self-limiting ALD growth can be achieved
with titanium and also hafnium alkoxide even at very low temperature (50 ◦C) and
this self-limiting ALD growth is obtained over a large range of temperatures (i.e. a
large ALD window). (iii) Inherent to the chemistry of the process is a low amount of
carbon impurities left in the metal oxide film. (iv) The as-grown films show an excellent
uniformity and possess good dielectric properties [13]. Following this approach, films of
particles coated with 20 and 27 nm of amorphous TiO2 have been realized.
V.4.2 Characterizations
The thickness of the oxide layer was measured by X-ray reflectometry (XRR). Figures
18-19 present the patterns obtained for pure oxide films, film of particles and a com-
posite film. Pure TiO2 films (Fig.18) display various periodic well-defined oscillations
proving that the films have a homogenous thickness. From the distance between min-
ima the thicknesses were evaluated to be 20 and 27 nm respectively. In contrast, the
film constitued by a monolayer of particles shows less defined oscillations denoting a
lower thickness and a higher roughness of the film. This is due to the shape of the par-
ticles and the inhomogeneity of the deposition at the surface Fig.19 (dashed line). The
pattern of the composite film (Fig.19 solid line) presents intense oscillations that are
not periodic; this stressed the presence of two films with a different thickness. Indeed,
the non periodicity is due to the fact that the observed signals is the superposition of
two signals characterized by different position of the oscillations.
SEM images of composite films are shown in figure 20. For both, TiO2 and ZnO, the
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Figure V.18: XRR patterns of pure TiO2 film of
20 nm (- - -) and 27 nm (—).

















Figure V.19: XRR patterns of 1 monolayer film
of particles (- - -) and monolayer film of particles
covered by 27 nm of TiO2 (—).
coating is uniform along the whole surface and the underneath film of particles are still
visible.
The surface of ZnO films were also monitored by atomic force microscopy (AFM). Non-
contact mode AFM image of 100 nm pure ZnO is presented figure 21. The film consists
of nanocrystallites of around 10 nm in size. This behavior was expected for ZnO since,
as it was already reported, the growth of ZnO by ALD from diethylzinc and water leads
to a nanocrystalline film even at low temperature (i.e. T <100 ◦C) [40]. Moreover, it was
shown that the nanocrystallite size could be tuned by the deposition temperature. On
the other hand the roughness of the TiO2 films is much lower (cf. XRR studies) because
the as deposited films are amorphous even at deposition temperatures above 200 ◦C.
V.4.3 Magnetic properties
Susceptibility versus temperature measurements are depicted in figure 22 for films made
of a monolayer of nanoparticles covered with TiO2 and ZnO. The ZFC-FC curves are
similar to the one of uncoated film of particles. Indeed, the blocking temperature of
the magnetic phase still takes place slightly above 300 K. The magnetic properties are
not affected by the oxide growth and, as depicted before from SEM and AFM, the
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Figure V.20: SEM images of cobalt ferrite monolayer film covered by 50 nm of ZnO (A-B) and bilayer
film covered by 27 nm of TiO2 (C-D).
Figure V.21: AFM images of 100 nm pure ZnO film.
particles size is kept constant during the process. This confirms that the experimental
approach is suitable to obtain a composite superlattice with a quasi-monodisperse layer
of ferrimagnetic nanoparticles.
To characterize the film and know if there is interactions between the particles through
the oxide film, one can measure the relaxation time by ac mode magnetic measurement.
Unfortunately, due to the weak signal of the system we did not yet succeed to measure
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such phenomenon with a Squid magnetometer, even when using a reciprocating sample
(RSO) measurement system.















Figure V.22: Susceptibility versus temperature of monolayer film of particles coated with 100 nm of
ZnO (filled circles) and 20 nm of TiO2 (filled squares) on silicon.
V.5 Summary and Conclusions
Nanoparticles of cobalt ferrite (composition CoFe2O4) have been synthesized by a de-
composition method in the presence of surfactant. This procedure led to 8-10 nm spher-
ical monocrystalline particles homogeneous in size and shape which present a typical
superparamagnetic behavior above 310 K. Below this temperature, the particles are
blocked and display a high coercivity. Mono- bi- and tri-layer films of the cobalt fer-
rite particles were successfully deposited by a Langmuir-Blodgett technique onto glass
and silicon substrates. A careful annealing of the films permits the removing of the
surfactant that were used for controlling the size and shape of the particles during syn-
thesis and that also allowed their deposition by LB, without deterioration of the films.
Homogeneous domains of particles could be obtained over several nanometer areas.
Magnetic measurements performed on the films confirmed the successful deposition of
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multilayer. Furthermore, the films show a ferrimagnetic behavior up to room temper-
ature as for the as-synthesized nanoparticles. The covering of the particles by oxide
materials (ZnO and TiO2) was realized in a controlled way by ALD. The resulting
hetero-structures present well calibrated thickness and could be used as model systems
for the investigation of the magnetic interactions between magnetic particles through
the continuous oxide thin films. Unfortunately, the magnetic properties of the resulting
hetero-structures could not be explored in details so far. However, some analyses are
still in progress. For example, ferromagnetic resonance experiments are underway to
obtain information on the magnetic properties of particles embedded in oxide matrices.
Other experiments such as magnetoresistance measurements of the composite film un-
der an applied film, could bring light on the interaction of the magnetic particles with
the oxide film. Finally, the results presented here are the starting point in a project
devoted to the synthesis of hetero-structured materials and they should be seen as the
basis for numerous future works.
V.6 Experimental part
Precursors and particles syntheses
Iron (III) chloride hexahydrate 98%, cobalt (II) chloride hexahydrate 98%, Oleic acid
90% (cis-9-Octadecenoic acid) and 1-Octadecene 90% were purchased from Aldrich and
used as received.
Iron and cobalt oleate complexes were synthesized from their metal chloride counterpart
using modified known procedures [22,41]. In a typical experiment, 60 mmol of oleaic acid
were mixed to 65 mmol of NaOH in a solution of H2O/ethanol/hexane (40/40/80 ml).
After addition of 20 mmol of the metal chloride, the solution has been heated at 60
◦C for 1 hour. After cooling at room temperature, the organic phase was extrated in
a separotory funnel and then washed 3 times with water. Evaporation of the hexane
leads to a orange oily solution for the iron oleate or a air-sensitive purple solid for
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cobalt oleate.
The particles were obtained by the thermal decomposition of the metal oleates in the
presence of oleic acid. In a round-bottom flask, 0.85 g (0.94 mmol) of iron oleate, 0.44
g (0.7 mmol) of cobalt oleate, 0.45 g (1.6 mmol) of oleic acid and 10 ml of octadecene
are heated at around 5 ◦C/min under vigorous stirring. Above 250 ◦C the solution
turns black. The reaction is then kept at 300 ◦C for one hour. After cooling down, the
nanoparticles are separated from the solution by centrifugation and thoroughly washed
with ethanol, hexane and dichloromethane. A dark waxy powder is obtained.
Langmuir-Blodgett films
A laboratory Langmuir-Blodgett trough made of PTFE (trough width 7.5 cm, area
242.25 cm2) equipped with two mobile barriers was used for the deposition of the
film. A Wilhelmy balance measured the interfacial pressure during deposition. Milli-Q
water and chloroform were used as subphase and spreading solvent, respectively. The
cobalt ferrite nanoparticles were dispersed in the minimum of chloroform just after
their synthesis/washing. Before use, the solution is passed through a PTFE filter.
After the spreading of few drops of the solution onto the water surface, 15 min were
allowed for solvent evaporation. The film was compressed at a rate of 5 mm/min to a
pressure of 15 mN/m. The transfer was performed using a vertical dipper at a rate of 3
mm/min and at a constant pressure (maintained by a feedback loop). A waiting time
of 30 to 60 minutes was given to the system to reach equilibrium prior the transfer. 25
x 25 mm glass substrates (1 mm thick) and 15 x 20 mm Si wafer (0.5 mm thick) were
used as film supports. Some of the Si substrates were previously washed with a diluted
solution of HF in order to remove the native SiO2 layer. For all substrates, the transfer
occurred only when dipped upward, i.e. from the subphase to air.
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TiO2 deposition
Films were deposited using titanium isopropoxide (Aldrich, 99.99%) and acetic acid
(Fluka 99.8%). Pure nitrogen was used as carrier and purging gas. Precursor and acid
vapors were generated in external reservoirs preheated at 80 ◦C and 40 ◦C , respectively.
They were introduced into the reactor through an ALD valve. All tubes of the circuit
were maintained at 100 ◦C during the deposition process. The substrate temperature
was maintained at 200 ◦C and nitrogen gas flow at 5 sccm. In a typical experiment the
valves were opened for 0.02 s for carboxylic acid and 1 s for the metal alkoxides while
the residence and purging periods were 20s and 15s, respectively.
Experimental details
TEM and EDX were carried out on a JEOL 2200 FS microscope operating at 200 kV
and equipped with an in-column energy filter. Samples were prepared by depositing a
drop of a solution of particles in ethanol on a copper grid coated with an amorphous
carbon film. Magnetic properties were measured using a SuperQuantum Interference
Design (SQUID) magnetometer MPMS XL7, in the range of temperature 2-350 K
and of field 0-5 T. The temperature-dependent susceptibility was measured using DC
procedure. The sample was cooled to 1.8 K under zero magnetic field, magnetic field
was then applied and data collected from 2 K to 350 K (zero-field cooled, ZFC). Field
Cooled (FC) measurements were performed from 2 K to 350 K with an applied field
during the cooling. AC susceptibility was measured in a zero external field with different
frequencies ranging from 10 to 1000 Hz. UV-vis spectra were recorded with a Unicam
UV 4 spectrophotometer. SEM images were performed without carbon coating using
a FEG-SEM Hitachi S4100 microscope operating from 5 to 25 kV. Rapid Thermal
Annealing was carried out on a JIPELEC JETFIRST 100 instrument. FTIR spectra
were measured on a Matson 7000 FTIR spectrometer. XRR data were collected on an
X’Pert MPD Philips diffractometer (CuKα X-radiation at 40 kV and 50 mA).
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In this work, we intended to make non-magnetic oxides become magnetic.
The first approach followed was to use doping to induce ferromagnetism in semiconduc-
tor materials (Chapter II, III and IV). We have developed non-aqueous sol-gel routes,
leading to well controlled oxide nanomaterials, to the synthesis of transition-metal
doped oxides (ZnO, ZrO2). Homogeneous doping is particularly important in the com-
prehensive study of diluted magnetic semiconductors (DMSs). One of the main points
of this study was to ascertain the oxidation state and local structure of the dopant ions
and to preclude the formation of additional magnetic phases that could be responsible
for, or interfere with, the magnetic properties observed.
Doped zinc oxide nanoparticles were synthesized by reacting zinc acetate and a transi-
tion metal precursor with benzyl alcohol at 250 ◦C. This solvothermal method enables
the incorporation of several dopants into the ZnO matrix, such as Mn and Co. More-
over, by varying the amount of benzyl alcohol with anisole as inert co-solvent, the
morphology of the particles can be tuned. For example, Co-doped ZnO synthesized
in benzyl alcohol/anisole (95/5%) yields small rods whereas particles are obtained for
Mn-doped ZnO synthesized in pure benzyl alcohol. Surprisingly, the use of anisole af-
fects the magnetic behavior as well. Mn-doped ZnO always display a paramagnetic
behavior while cobalt doped particles are paramagnetic or ferromagnetic depending
on the solvent used. For both cobalt and manganese doped zinc oxide, independently
of the synthesis condition, we could show that the dopant substitutes onto zinc sites
in the wurtzite lattice, with no detectable phase impurities or clustering. Hence, the
observance of ferromagnetism appears to be clearly related to the core properties of
cobalt doped ZnO nanocrystals.
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The synthesis of Mn-doped zirconia, also achieved by the benzyl alcohol route, led to
high quality spherical nanocrystals of 3-4 nm. The particles are monocrystalline in na-
ture and do not present any core default. Previous theoretical calculations on zirconia
indicate that the ferromagnetic interactions are closely related to the oxidation state
of the magnetic ion. EPR experiments of the Mn-doped samples reveal the coexistence
of manganese oxidation state (II) and (III), their ratio depending on the manganese
concentration. The magnetic measurements show mainly a paramagnetic behavior. The
synthesis routes explored on DMS enable a state of the art control of any parameter
that influences the electronic properties of transition metal doped oxides. We expect
that the synthesized particles can be used for an experimental verification of the theo-
retical prediction.
The second approach pursued in order to obtain ferromagnetic materials was to realize
hetero-structures composed of oxide films and magnetic nanoparticles (Chapter V).
The hetero-systems studied were magnetic nanoparticles of cobalt ferrite distributed
into a semiconducting or dielectric material, namely ZnO or TiO2.
Nanoparticles of cobalt ferrite have been synthesized by a decomposition method in the
presence of oleic acid as surfactant. This procedure led to 8-10 nm spherical monocrys-
talline particles homogeneous in size and shape. These nanoparticles present a super-
paramagnetic behavior above 310 K. Mono- bi- and tri-layer films of the cobalt ferrite
particles were successfully deposited by Langmuir-Blodgett technique onto glass and
silicon substrates. Homogeneous domains of particles could be obtained over several
micrometers. An annealing of the films was performed to remove the surfactant grafted
at their surface. Magnetic measurements confirmed the successful deposition of multi-
layer film on glass and silicon substrates. Furthermore, the films show a ferrimagnetic
behavior up to room temperature as for the as-synthesized nanoparticles. The coating
of the particles by oxide materials (ZnO and TiO2) was realized by ALD. The obtained
hetero-structures were characterized by AFM, SEM and preliminary magnetic studies
139
Conclusion
show that the magnetic properties do not differ greatly from the one of the nanopar-
ticles films. Finally, this work is the starting point for future studies devoted to the
combination of solution routes for the fabrication of assembly of nanoparticles and







Les travaux présentés dans ce mémoire ont été obtenus dans le cadre de la thèse in-
titulée “Magnetic Impurities in nanostructured materials” réalisés conjointement sous
la direction du Dr. Nicola Pinna à l’Université de Aveiro (Portugal) et du Dr. David
Zitoun à l’Université Montpellier II.
A.1 Introduction
L’électronique de spin (spintronique) est un domaine émergent de l’électronique qui
vise à exploiter le spin de l’électron en plus de sa charge. L’utilisation de porteurs
polarisés promet d’offrir plusieurs avantages par rapport aux dispositifs traditionnels
(basés sur le transport des électrons seulement), par exemple, une meilleure puissance
de traitement des informations, une réponse rapide, une faible consommation d’énergie
ainsi qu’une plus grande intégration/miniaturisation. Dans ce travail, nous avons pro-
jeté de rendre des oxydes non-magnétiques magnétiques afin d’obtenir des matériaux
pouvant correspondre aux attentes de la spintronique. L’objectif de cette thèse a donc
été la synthèse et la caractérisation de matériaux associant des propriétés magnétiques
et semi-conductrices. Nous nous sommes concentrés sur des oxydes synthétisés par des




La première approche suivie a été l’étude de semi-conducteurs magnétiques dilués
(DMSs). Les DMSs sont une classe de semi-conducteurs, pour lesquels une faible frac-
tion de leurs cations est remplacée par des ions magnétiques afin d’induire un ordre
ferromagnétique. Nous avons fait usage de procédés NHSG pour synthétiser des oxydes
semi-conducteurs (ZnO, ZrO2) dopés par des métaux de transition. Un dopage homo-
gène est particulièrement important dans l’étude de ces semi-conducteurs magnétiques
dilués et le point principal de cette étude était de déterminer l’état d’oxydation et
la structure locale du dopant et d’exclure l’existence d’une phase secondaire comme
origine du magnétisme. La partie A est consacrée à la synthèse, la caractérisation
morphologique et structurale, l’étude de l’environnement du dopant et les résultats
magnétiques du ZnO dopé par le manganèse et le cobalt ainsi que du ZrO2 par le
manganèse. Cette partie regroupe donc le chapitre II, III et IV du mémoire.
Une autre possibilité pour combiner plusieurs propriétés et fonctionnalités dans un
même matériau est l’élaboration d’hétéro-structures. En conséquence, outre les travaux
sur les DMSs, nous avons étudié les propriétés magnétiques d’hétéro-système composé
de nanoparticules magnétiques dispersées dans une matrice d’oxyde. Les matériaux
étudiés sont des nanoparticules de ferrite de cobalt déposées sous forme de film et
recouvertes d’un oxyde semi-conducteur ou diélectrique, à savoir ZnO ou TiO2. La
synthèse de ces matériaux s’est déroulée en trois étapes distinctes : (i) la synthèse
de nanoparticules magnétiques uniformes, (ii) le dépôt des particules obtenues sous
forme de film par la technique de Langmuir-Blodgett et (iii) la déposition de la matrice
d’oxyde par ALD (atomic layer deposition). Les résultats expérimentaux obtenus sur




A.2 Partie A : Semi-conducteurs magnétiques dilués
A.2.1 État de l’art
Les DMSs sont des semi-conducteurs, principalement de type III-V et II-VI, dont une
partie de leurs cations ont été aléatoirement substitués par des ions magnétiques (Fig.1).
Ces matériaux combinent donc propriétés semi-conductrices et magnétiques. La réémer-
gence, ces dix dernières années, de recherches dans ce domaine est principalement due
à l’hypothèse que le magnétisme est réellement promu par les porteurs de charge du
semi-conducteur hôte et que le ferromagnétisme peut persister jusqu’à température
ambiante.
a b c
Figure A.1: Représentation schématique de a) un semi-conducteur non-magnétique, b) un semi-
conducteur magnétique dilué composé d’un semi-conducteur non-magnétique dopé par des atomes
magnétiques et c) un semi-conducteur magnétique contenant un réseau périodique d’éléments magné-
tiques.
En effet, basé sur le modèle de Zener, Dietl et al. ont prédit que les semi-conducteurs
à large band-gap tel que GaN et ZnO dopés manganèse seraient ferromagnétiques avec
une température de Curie supérieure à la température ambiante [1]. Depuis cette pré-
diction, des travaux théoriques [2–8] et expérimentaux ont été abondamment publiés sur
l’oxyde de zinc [9–14] et le nitrure de gallium [15–18]. Toutefois, ces matériaux ont donné
lieu à une étude plus approfondie sur les oxydes dopés et en particulier sur l’oxyde
de titane [15,19]. Récemment Ostanin et al. ont prédit que ZrO2 et HfO2 [20,21] dopés
avec différents ions de métaux de transition serait ferromagnétiques à température am-
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biante en fonction du degré d’oxydation du métal de transition. La figure 2 montre
l’un des résultats obtenu sur l’oxyde de zirconium présenté dans leur article [21]. Ce
graphique présente la température de Curie en fonction du dopant et son état d’oxyda-
tion (nombre d’électrons supplémentaires par impureté magnétique). Une lecture des
résultats montre que pour le manganèse, la zircone est ferromagnétique à température
ambiante pour un état d’oxydation allant de III à IV.
Figure A.2: Température de Curie de Zr0.75M0.25O2 (M = Cr, Mn, Fe, Co) d’après frozen-magnon
calcul. (n) nombre d’extra électrons par impureté magnétique (n = 0 correspond au nombre nominal
d’électrons) d’après ref [21]
Bien que des progrès significatifs ont été accomplis dans la synthèse et sur les proprié-
tés magnétiques des DMSs, des questions demeurent, en particulier une importante
controverse existe sur l’origine du ferromagnétisme dans les DMSs [10,14,16,22–25]. Ceci
vient du fait que les températures de Curie reportées sont souvent discordantes et le
doute est mis sur la nature, intrinsèque ou extrinsèque, du ferromagnétisme [10,26]. Par
conséquent, le point principal de toute nouvelle étude repose sur l’exclusion de toute
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phase secondaire comme origine du ferromagnétisme. De plus, la nature des méca-
nismes d’échanges qui stabilisent la phase ferromagnétique dans les DMSs n’est pas
bien comprise [11,13,14,25,27–29] et le lien entre la concentration de porteurs de charge et
ferromagnétisme n’a pas encore été clairement établi [2,4,11,22,26]. Cependant, il semble
que pour des systèmes homogènes les propriétés magnétiques semblent être fortement
dépendantes de l’interaction matrice/dopant, la concentration des porteurs de charge,
des défauts du semi-conducteur, et donc des conditions de synthèse.
Dans ce travail, nous avons fait usage de procédés non aqueux pour synthétiser des
oxydes dopés. Les synthèses en solution et en particulier le procédé sol-gel non-aqueux
sont attrayantes pour la préparation de nanoparticules d’oxydes métalliques de taille
et forme contrôlées, offrant de nombreux avantages tels que une bonne cristallinité des
oxydes même synthétisés à basse température et une excellente reproductibilité [30–33].
A.2.2 Résultats et discussions
Nanoparticules d’oxyde de zinc dopé cobalt et manganèse
L’oxyde de zinc dopé a été synthétisé à partir d’acétate de zinc et d’alcool benzylique
en présence d’un précurseur de dopant (acétate de cobalt (II) ou oléate de manganèse
(II)). Des concentrations allant jusqu’à 5% pour le cobalt et 1% pour le manganèse
ont été étudiées. Le mécanisme de la réaction a été étudié en analysant la composition
du mélange après réaction par résonance magnétique nucléaire (RMN). La solution
après réaction contient une large quantité d’acétate de benzyle et le mécanisme suivant
a été proposé : une première étape consistant en la solvolyse du précurseur de zinc
par l’alcool benzylique conduit à la formation d’un intermédiaire hydroxylé (Fig.3.A).
Cette étape est suivie de réactions de condensation (Fig.3.B) formant l’oxyde de zinc.
La taille et la structure cristalline des particules ont été caractérisées à Aveiro par
diffraction des rayons X (DRX), microscopie électronique à transmission (MET), mi-

























Figure A.3: Réactions entre alcool benzylique et acétate de zinc. (A) hydroxylation de l’acétate de
zinc, (B) Condensations possibles, ≡ représente tout type de ligand coordiné à l’atome de Zn (OH,
acétate, O-Zn).
La synthèse dans l’alcool benzylique pur produit un échantillon hétérogène où co-
existent des particules sphériques, triangulaires et allongées pour l’oxyde de zinc pur et
dopé manganèse (Fig.4.A), tandis que des petits bâtonnets sont obtenus pour ZnO dopé
cobalt. Afin d’améliorer la taille et la forme des particules obtenues, la concentration
en alcool benzylique a été contrôlée par l’utilisation d’un co-solvant inerte ; l’anisole.
Pour 5% d’alcool benzylique dans l’anisole, des bâtonnets d’environ 400 x 100 nm sont
obtenus pour ZnO dopé Co (Fig.4.C). Une plus faible quantité en alcool benzylique
améliore le ratio d’aspect (Fig.4.B) ; cependant, une baisse drastique des rendements
de la réaction est observée. En conséquence, nous avons concentré cette étude sur des
échantillons synthétisés avec au moins 5% d’alcool benzylique dans l’anisole. Pour tous
les échantillons étudiés, les particules sont monocristallines (Fig.4.D insert) et pré-
sentent une structure hexagonale de type Wurtzite. De plus, aucune phase secondaire
(précipité ou inclusion) a été observée par DRX et MET haute résolution même pour
les particules comportant la plus grande quantité de dopant.
L’homogénéité et la structure locale du dopant dans la matrice de ZnO ont été carac-
térisées par spectrométrie UV-VIS en réflexion diffuse, microscopie à haute résolution
(HRTEM) et par résonance paramagnétique électronique (RPE). Pour le cobalt et le
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Figure A.4: Images MET de : (A) ZnO dopé avec 0.56% de Mn synthetisé dans l’alcool benzylique
pur et (B) ZnO dopé Co à 0.65% obtenu dans l’anisole avec traces d’alcool benzylique, image MEB
(C) et MET haute résolution (D) avec la transformée de Fourier correspondante (insert) de ZnO dopé
Co synthétisé dans un mélange anisole/alcool benzylique (95/5%).
manganèse, nous avons pu montrer que le dopant substitue le zinc dans la structure
Wurtzite de manière homogène. En particulier, la RPE a permit d’exclure formellement
la présence de phases secondaires.
Les propriétés magnétiques ont été mesurées sur magnétomètres SQUID et VSM à
l’Université de Montpellier. Pour les échantillons dopés manganèse un comportement
paramagnétique a été observé. Dans le cas du cobalt, les propriétés magnétiques dé-
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pendent fortement du solvant de synthèse. Pour toute concentration, ZnO dopé Co
synthétisé dans un mélange alcool benzylique/anisole (5/95%) est paramagnétique et
ne présente aucun écart par rapport à une loi de Curie (Fig.5). Dans le cas des synthèses
effectuées seulement avec l’alcool benzylique, ZnO dopé Co présente un comportement
ferromagnétique avec une déviation par rapport à une loi de Curie au-delà de 30 K (Fig.
5). Un moment magnétique à température ambiante de 0,8 µB à très faible champ a été
mesuré. Les particules présentent un comportement ferromagnétique typique, similaire
à ceux publiés pour d’autres particules de ZnO dopé Co. Par exemple, Zitoun et al. ont
reporté pour des nanofils de ZnO dopé Co, synthétisés par décomposition de l’acétate
de zinc dans la trioctylamine, un comportement ferromagnétique au dessus de 20 K qui
persiste jusqu’à température ambiante [34,35]. Si les propriétés magnétiques dépendent
du solvant utilisé pour la synthèse, en revanche la contribution paramagnétique pour
chaque échantillon est quantitativement liée à la teneur en cobalt (Fig5). La nature du
solvant n’est pertinente que pour le signe d’interaction d’échanges entre les spins.
En résumé, nous avons synthétisé des nanoparticules d’oxyde de zinc dopé cobalt et
manganèse en utilisant un procédé sol-gel non-hydrolytique. Le dopant se substitue
au zinc uniformément, aucune phase secondaire ou cluster n’a été détecté. Le dopage
par le manganèse conduit à un comportement paramagnétique. D’autre part, les nano-
particules dopées cobalt présentent une dépendance du comportement magnétique en
fonction du solvant utilisé. Synthétisés dans l’alcool benzylique pur, les échantillons ont
un comportement essentiellement ferromagnétique et montrent un effet d’hystérésis à
travers une large gamme de températures. L’étude EPR a permit de s’assurer que le
comportement ferromagnétique est dû aux ions Co2+.
Nanoparticules d’oxyde de zirconium dopées manganèse.
La synthèse de l’oxyde de zirconium consiste en la réaction de l’alcool benzylique avec
un alkoxide de métal. La réaction est une condensation entre l’alcool benzylique et
isopropoxyde de zirconium appelée élimination d’éther. Cette approche conduit à la
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Figure A.5: Courbes de magnétisation en fonction de la température (ZFC-FC) de ZnO dopé synthé-
tisé dans un mélange anisole/alcool benzylique (95/5%) avec 0.81% (—) et 4.09% (· · ·) de cobalt, ZnO
dopé synthétisé dans l’alcool benzylique pure avec 0.77% (- - -) et 3.88% (· · –) de cobalt. En insert,
l’inverse de la magnétisation en fonction de la température pour les 4 échantillons (les échantillons
ferromagnétiques étant corrigés de leur contribution ferromagnétique).
formation de nanocristaux sphériques de 3-4 nm de diamètre (Fig.6.A). Les nanopar-
ticules sont monocristallines et ne présentent pas de défauts (Fig.6.B).
Le dopage a été effectué par l’addition d’une quantité de manganèse (II) acétate ou de
manganèse (III) acetylacetonate directement dans le mélange réactionnel. La concen-
tration du dopant a été déterminée à l’échelle macroscopique par analyse chimique
(ICP-SEA) et à l’échelle nanométrique par spectrométrie EELS (electron energy loss
spectroscopy). L’efficacité du dopage est élevée variant autour de 80%-90% pour la
gamme de concentration étudiée, c’est-à-dire de 1 à 5%. La phase cristallographique a
été étudiée par XRD et microscopie. L’oxyde de zirconium pur et dopé synthétisé par
cette approche cristallise dans le système cubique. Contrairement au bulk, à l’échelle
nanométrique la structure cubique métastable n’a pas besoin d’être stabilisée [36].
Nous avons effectué une caractérisation méticuleuse du dopant en mettant l’accent sur
l’homogénéité, l’environnement local et le degré d’oxydation de l’ion magnétique dans
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Figure A.6: (A) image MET et (B) image MET en haute résolution avec la transformée de Fourier
correspondante (insert) de ZrO2 dopé Mn
la matrice par RPE qui est une technique sensible au degré d’oxydation, à la symétrie
et aux interactions spin-spin de centres paramagnétiques. Les calculs théoriques sur la
zircone indiquent que les interactions ferromagnétiques sont étroitement liées au degré
d’oxydation des ions magnétiques. Les expériences de RPE des échantillons dopés Mn
révèlent la coexistence de deux degrés d’oxydation du manganèse ; (II) et (III). Leur
quantité est fonction de la concentration de manganèse et non du précurseur utilisé
(Table 1). Mn (II) est prédominant pour les échantillons les plus dilués et Mn (III)
pour les plus dopés. La présence de Mn2+ dans les échantillons synthétisés à partir de
Mn(acac)3 peut être expliquée par le faible pouvoir réducteur de l’alcool benzylique.
Toutefois, comme chaque Mn2+ entraîne la génération d’une lacune d’oxygène, un man-
ganèse dans un plus grand état d’oxydation est plus susceptible de remplacer un atome
de zirconium pour des concentrations importantes.
Les mesures magnétiques montrent principalement un comportement paramagnétique
(Fig.7). Néanmoins, pour les plus fortes concentrations de dopant, des interactions
antiferromagnétiques émergent sur les courbes ZFC/FC (Fig.7). Le ferromagnétisme
prédit par le travail théorique de Ostanin [21] et al. n’a pas été observé, même à basse
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Précurseurs Mn %Mn (SEA) % Mn2+ (RPE) % Mn3+ (RPE) Msat (µB/Mn)
Mn(acac)3 1.20 69±2 31±2 4.33
Mn(ac)2 1.39 61±2 39±2 4.27
Mn(ac)2 4.38 9±2 91±2 3.55
Mn(acac)3 4.85 8±2 92±2 3.40
Table A.1: échantillons dopés manganèse étudiés dans ce travail. Le tableau montre les précurseurs
inorganiques utilisés, la concentration atomique de Mn dans la zircone (Zr(1−x)MnxOy), l’état d’oxyda-
tion du manganèse selon les mesures de RPE et les moments magnétiques à saturation (Ms), déterminé
à partir des courbes de magnétisation ajustées par un fonction de Langevin.
température. Ceci peut être expliqué par le faible état d’oxydation du manganèse qui,
dans notre cas, a été estimé être entre (II) et (III). En fait, un état d’oxydation plus
grand est davantage susceptible de donner lieu à des interactions ferromagnétiques [21].




























Figure A.7: Courbes ZFC/FC mesurées avec un champs magnétique de 50 Oe pour l’échantillon dopé
avec 1.20% de Mn (ratio Mn2+/Mn3+ de 70/30%) (cercles pleins) et 4.38% de Mn (ratio Mn2+/Mn3+




Pour conclure, des nanoparticules de ZrO2 dopé manganèse ont été synthétisées par une
approche non-hydrolytique. Les nanocristaux sont de forme et taille uniformes et une
répartition homogène des ions magnétiques a été obtenue. L’environnement du manga-
nèse dilué dans la matrice de zircone a été examiné par RPE. Il a été constaté que le
manganèse existe sous deux degrés d’oxydation ; (II) et (III). Les mesures magnétiques
montrent principalement un comportement paramagnétique en accord avec les calculs
théoriques qui indique un comportement ferromagnétique pour un état d’oxydation de
III à IV.
A.3 Partie B : Hétéro-structures magnétiques
A.3.1 État de l’art
Dans la partie précédente, nous avons mis au point une voie de synthèse vers des
matériaux homogènes et multifonctionnels. Les DMSs combinent des propriétés semi-
conductrices et ferromagnétiques provenant du même matériau. Des matériaux ma-
gnétiques et multifonctionnels peuvent aussi être obtenus par l’élaboration d’hétéro-
structures [37–40]. Par exemple, des nanoparticules ferromagnétiques entourées d’une
couche isolante peuvent montrer des propriétés magnéto-résistives [41,42] et la réalisa-
tion de composite d’oxydes ferroélectriques (ou piézoélectriques) et ferromagnétiques
est une manière efficace d’obtenir des matériaux multiferroïques [43–45].
Les hétéro-structures étudiées dans ce travail sont des nanoparticules magnétiques de
ferrite de cobalt dispersées dans un matériau semi-conducteur ou diélectrique (ZnO
ou TiO2). Le ferrite de cobalt (CoFe2O4) est un matériau magnétique dur qui a été
étudié en détail en raison de sa grande coercivité et aimantation à saturation (envi-
ron 80 emu/g) ainsi que sa remarquable stabilité chimique et la dureté mécanique [38,46].
Des particules homogènes peuvent facilement être synthétisées par décomposition ther-
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mique en présence d’agent de surface [38,47,48]. La synthèse de ces structures a été réalisée
en trois étapes distinctes :
(i) La synthèse de nanoparticules magnétiques uniformes.
(ii) Le dépôt de ces particules sous forme de film.
(iii) Le recouvrement de ces particules par un oxyde.
Le dépôt des nanocristaux magnétique a été réalisé par la technique de Langmuir-
Blodgett (LB). Cette technique est un processus de dépôt à température ambiante qui
peut être utilisée pour déposer des monocouches et multicouches de matériaux mo-
léculaires ou nanométriques [38,49–54]. ZnO et de TiO2 ont été déposés par ALD. Pour
l’oxyde de titane, nous avons utilisé une nouvelle procédure récemment établie dans
notre groupe [55]. L’ALD est par sa nature un procédé qui devrait conduire à un revête-
ment complet et homogène des particules [56,57]. Ces deux méthodes de dépôt permettent
la manipulation de molécules ou particules à l’échelle nanométrique permettant ainsi
l’assemblage de superstructures. L’objectif de cette étude était l’investigation des pro-
priétés des différentes phases ainsi que des interactions entre les particules et le film ou
entre les particules à travers le film.
A.3.2 Résultats et discussions
Synthèse et caractérisation des nanoparticules de ferrite de cobalt
La synthèse de ferrite de cobalt consiste en la décomposition thermique des précurseurs,
Co(oléate)2 et Fe(oléate)3 en présence d’acide oléique. Cette procédure déjà utilisée avec
succès pour la synthèse de nanoparticules de ferrite de cobalt permet un contrôle précis
de la taille des nanocristaux [47]. Nous avons adapté cette synthèse afin d’obtenir des
particules de 10 nm. Les précurseurs utilisés, Co (oléate)2 et Fe(oléate)3, ont été prépa-
rés à partir des chlorures de métaux correspondant par réaction avec l’oléate de sodium.
Un rapport moléculaire de 1 :1 entre le tensio-actif (acide oléique) et les précurseurs
a été utilisé et la réaction a été effectuée à 300 ◦C pendant une heure. Des particules
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de 10 nm de diamètre ont été choisies car c’est un bon compromis entre une taille
suffisamment petite pour permettre un bon recouvrement par ALD et suffisamment
importante pour obtenir un comportement ferromagnétique à température ambiante.
Après la synthèse, la surface des particules est couverte par une quantité incontestable
de tensio-actif et, même après un lavage méticuleux, les particules sont obtenues sous la
forme d’un solide pâteux. Les observations par MET révèlent des particules sphériques
de l’ordre de 8-10 nm, monocristallines, homogène en forme et avec une distribution
de taille étroite (Fig.8). L’image haute résolution d’une particule orientée selon le plan
(1-1-2) est présenté figure 8 (en haut à droite). Sa transformée de Fourier (power spec-
tra) (en bas à droite) peut être indexé à la structure cubique spinelle de CoFe2O4. La
composition des nanoparticules a été vérifiée par EDX, pour les conditions de synthèse
utilisées, le ratio Co/Fe semble être exactement de un Co pour deux Fe.
Figure A.8: A gauche : image MET d’un ensemble de particules de ferrite de cobalt. A droite :




Les propriétés magnétiques de ces particules sous forme de poudre ont été étudiées au
moyen d’un magnétomètre SQUID en courant continu (dc) et courant alternatif (ac).
Les particules montrent un comportement superparamagnétique. La mesure de l’ai-
mantation en fonction de la température (procédure ZFC/FC) indique que le matériau
est magnétique jusqu’à température ambiante, la température de blocage (TB) étant
juste au-dessus 300 K (Fig.9). À 2 K les particules présentent une très grande valeur
de champ coercitif (1.8 T), l’aimantation ne sature pas et atteint la valeur de 28 emu/g
pour un champ magnétique de µ0H = 5 T.
















Figure A.9: Courbes d’aimantation ZFC-FC du ferrite de cobalt sous un champ magnétique appliqué
de 500 Oe.
Dépôt de film de particules par la technique de Langmuir-Blodgett
Pour obtenir des mono- et multi-couches de film de particules, nous avons utilisé la
technique de Langmuir-Blodgett. A cet effet, une dispersion stable des particules dans
un solvant très volatil a été préparée. Quelques gouttes de la dispersion ont ensuite
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été réparties à la surface d’une cuve de Langmuir contenant de l’eau extra pure. Le
tensioactif qui reste en surface des particules après la synthèse, a permis d’obtenir
un film de Langmuir flottant à l’interface air/eau. Ce film a ensuite été transféré sur
du silicium ou de verre en plongeant le substrat à travers la monocouche. Des films
comportant deux ou trois couches de particules ont été préparés par dépôts successifs.
Les films obtenus ont été contrôlés par MEB et spectroscopie UV-visible. La figure 10
(A et B) montre des micrographes MEB caractéristiques d’une monocouche déposée
sur substrat de silicium. Les particules sont organisées sur des domaines homogènes de
plusieurs centaines de nanomètres.
Afin d’éliminer l’agent de surface de la surface des particules, nous avons effectué après
dépôt une calcination sous vide et sous oxygène. La spectroscopie infrarouge a permis
de conclure que l’élimination des molécules organiques est totale pour une température
de 400 ◦C. Les images MEB prises avant (Fig.10.A.B) et après (Fig.10.C.D) le recuit
illustrent l’effet de la calcination sur le film. Pour un temps de recuit court, les particules
ne forment pas d’agrégats et au contraire, le film semble être plus homogène formant
des zones organisées sur quelques micromètres.
Les propriétés magnétiques des particules déposées sur silicium montrent que les films,
comme la poudre, sont ferrimagnétiques jusqu’à 300 K (Fig. 11). De plus, la différence
de susceptibilité magnétique entre les courbes ZFC et FC est deux fois plus grand pour
le film composée de deux couches de particules (Fig.11 cercles) comparé à celui composé
d’une monocouche uniquement (Fig.11 carrés), confirmant qu’une même quantité de
particule a été déposée couche après couche. Lorsque les films sont recuits, on observe
une légère diminution de la susceptibilité, mais l’écart entre les courbes ZFC-FC reste
constant (Fig.11 triangles). Dans le cas des films de particules sur substrat de verre
(Fig.12), les courbes ZFC-FC sont dominées par le paramagnétisme des impuretés
présentes dans le verre. Toutefois, ici encore, la susceptibilité montre clairement une
dépendance à l’égard du nombre de couches déposées (Fig.12 insert).
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Figure A.10: Micrographes MEB d’un film de nanoparticules de CoFe2O4 déposées sur Si avant
calcination, A et B, et après calcination à 400 ◦C, C et D.
Dépôt de couches minces d’oxyde
Le dépôt des matrices d’oxydes a été réalisé en utilisant un procédé ALD. Cette tech-
nique permet un revêtement homogène de l’ensemble des particules.
Les films d’oxyde de zinc ont été déposés en collaboration avec le groupe du Dr. Mato
Knez (Max Planck, Halle, Allemagne), à basse température et en utilisant un procédé
basé sur la réaction du diéthylzinc avec de l’eau [58]. Des films de 20, 50 et 100 nm de ZnO
ont été déposés sur des mono- et bi-couche de particules. Pour la déposition de TiO2,
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Figure A.11: Susceptibilité en fonction de la
température des films de particules sur substrat
de silicium pour 1 couche (carrés), 2 couches
(cercles) et 1 couche après calcination (triangles).
(étoiles) Substrat de silicium seul.



























Figure A.12: Susceptibilité en fonction de la
température pour des films de 1 couche (carrés),
2 couches (étoiles) et 3 couches (cercles) de par-
ticules sur substrat de verre.
nous avons utilisé une méthode qui a été développée dans notre groupe. L’approche est
basée sur la réaction d’un acide carboxylique avec un alkoxide de métal. L’épaisseur
de la couche d’oxyde a été mesurée par réflectométrie des rayons X. Pour le TiO2 des
films de 20 et 27 nm ont été déposés. Des micrographes MEB des l’hétéro-structures
sont présentés figure 13. Pour les deux oxides, TiO2 et ZnO, le revêtement est uniforme
sur toute la surface et le film de particule est toujours observable en dessous.
Les mesures de susceptibilité en fonction de la température sont présentées figure 14
pour des films composés d’une monocouche de nanoparticules et recouverts de TiO2
et ZnO. Les courbes sont similaires à celles des films sans couche d’oxyde. En effet, la
température de blocage de la phase magnétique a toujours lieu légèrement au-dessus
de 300 K. Les propriétés magnétiques ne sont pas affectées par la croissance d’oxyde
et, comme le confirme la microscopie, la taille des particules est maintenue constante
durant les différentes étapes de synthèses. Par conséquent, l’approche expérimentale
suivie est adaptée pour l’élaboration d’hétéro-structure composée d’une couche quasi-
monodisperses de nanoparticules magnetiques.
Pour caractériser les films et savoir si il existe des interactions entre les particules à
travers la couche d’oxyde, des mesures magnétiques de temps de relaxation peuvent être
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Figure A.13: Image MEB de films de ferrite de cobalt recouverts par 50 nm de ZnO (A-B) et 27 nm
de TiO2 (C-D).
mesurées en mode alternatif. Malheureusement, en raison du faible signal du système
nous n’avons pas encore réussi à mesurer ce phénomène avec un magnétomètre Squid,
même en utilisant un système de mesure RSO.
En résumé, des nanoparticules de ferrite de cobalt (CoFe2O4) ont été synthétisées par
décomposition de précurseurs oléates en présence d’acide oléique. Cette procédure a
permis d’obtenir des particules de 8-10 nm, sphériques, monocristallines et homogènes
en taille et forme qui présentent un comportement superparamagnétiques en dessus de
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Figure A.14: Susceptibilité en fonction de la température de monocouches de particules déposés sur
silicium et recouvertes de 100 nm de ZnO (cercles) et 20 nm de TiO2 (carrés).
310 K. En dessous de cette température, les particules sont dans un état bloqué et
presentent une grande coercivité. Des films de particules de ferrite de cobalt ont été
déposés avec succès par la technique de Langmuir-Blodgett sur substrats de silicium et
verre. Un recuit des films a permis la suppression de l’agent de surface sans détérioration
des films. Des domaines de particules homogènes sur plusieurs nanomètres ont pu être
obtenues. Les mesures magnétiques réalisées sur les films ont confirmé le succès de
dépôts de multicouches. En outre, les films montrent un comportement ferromagnétique
à température ambiante comme pour les poudres de nanoparticules. Le revêtement des
particules par une matrice d’oxydes (ZnO ou TiO2) a été réalisé de manière contrôlée
par ALD. Les structures résultantes ont une épaisseur bien contrôlée et pourraient donc
être utilisées comme systèmes modèles pour l’étude des interactions magnétiques entre
particules magnétiques à travers une couche continue d’oxyde.
Malheureusement, les propriétés magnétiques des l’hétéro-structures n’ont pas pu être
étudiées en détail à ce jour. Toutefois, certaines analyses sont encore en cours. Par
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exemple, des expériences de résonance ferromagnétique sont en cours pour obtenir des
informations sur les propriétés magnétiques des particules dispersées dans les matrices
d’oxyde. D’autres expériences telles que des mesures de magnétorésistance du compo-
site pourraient apporter quelque lumière sur l’interaction des particules magnétiques
avec le film d’oxyde. Enfin, les résultats présentés ici sont juste le point de départ d’un
projet consacré à la synthèse de matériaux structurés.
A.4 Conclusion
L’objectif de cette thèse était la synthèse et la caractérisation de matériaux associant
des propriétés magnétiques et semi-conductrices. Nous nous sommes concentrés sur
des oxydes synthétisés par des voies de chimie douce et en particulier par des procé-
dés de sol gel non-hydrolytique (NHSG). Dans un premier temps nous avons étudié
des semi-conducteurs dopés par des impuretés magnétiques afin d’obtenir des semi-
conducteurs magnétiques dilués (DMSs). Les voies de synthèses explorées offrent la
possibilité de produire des nanoparticules dopées de manière homogène par des mé-
taux de transition. Comme le magnétisme des DMSs est fortement dépendant de l’in-
teraction matrice/dopant, la concentration des porteurs de charge et des défauts du
semi-conducteur ; des caractérisations adéquates, mettant l’accent sur l’homogénéité du
dopant et sur son environnement local dans la matrice, ont été développées. Ces carac-
térisations ont été effectuées à l’Université d’Aveiro et à l’Université de Montpellier. En
utilisant notre approche, nous souhaitions que les particules synthétisées soient utilisées
pour une vérification expérimentale des prédictions théoriques publiées. Ceci est d’un
intérêt particulier en raison des récentes recherches théoriques visant à la prédiction
de nouveaux DMSs. La seconde approche poursuivie en vue d’obtenir des matériaux
ferromagnétiques a été la réalisation d’hétéro-structures composées de couche d’oxyde
et de nanoparticules magnétiques. Ce travail est le point de départ pour de futures
études consacré à la combinaison de synthèse en solution et de dépôt en phase gazeuse
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